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The worldwide demand for high energy and high power energy storage devices 
has been growing fast in the last decades. As a response to the existing demand, 
rechargeable lithium ion batteries have gained great attention. Lithium ion 
batteries found a wide range of applications in electronic devices, portable 
tools, hybrid and fully electric vehicles and large-scale grid storage facilities. 
Lithium mixed transition metal oxides, specifically LiNixMnyCozO2 (x + y + z 
= 1) compounds, often known as NMC or NCM materials, are one of the most 
important and widely investigated layered structured active compounds for 
lithium-ion battery cathodes.  
The present dissertation aims at investigating the relationship between the 
chemical composition and the thermodynamic stability as well as the 
electrochemical performance of this family of oxides. For this purpose, two 
compositional series of NMC powder samples namely (i) manganese and 
nickel equimolar LiNixMnxCo1-2xO2 (x = 0, 0.167, 0.333, 0.4 and 0.5) and (ii) 
Ni-rich LiNi0.8-yMnyCo0.2O2 (y = 0, 0.1, 0.2, 0.3 and 0.4) are prepared by  
sol-gel method and high temperature calcination in air.  
The synthesized samples are chemically characterized using inductively 
coupled plasma-optical emission spectroscopy (ICP-OES), carrier gas hot 
extraction (CGHE) and carbon analyzer. The average oxidation state of 
transition metals in each composition is determined by redox titration method. 
Based on the results of the chemical analysis, the formula of the prepared 
samples are determined and it is shown that the composition of all compounds 
are close to the nominal values. The powder X-ray diffraction (PXRD) patterns 
of the synthesized samples are obtained and analyzed by Rietveld refinement 
method, considering a rhombohedral layered α-NaFeO2-type structural model 
(𝑅3̅𝑚). The lattice parameters are determined and shown to be in a very good 
agreement with the literature data corresponding to the same compositions.  
Abstract 
ii 
In addition, the optimum calcination temperature for LiNi0.8-yMnyCo0.2O2 
samples with y = 0 and 0.1 are determined.  
The thermal stabilities of LiNi0.8-yMnyCo0.2O2 samples for y = 0, 0.1, 0.2, 0.3 
and 0.4 are investigated using simultaneous differential thermal analysis - 
thermal gravimetry (DTA / TG) under argon atmosphere. It is shown that by 
increasing Ni content in LiNi0.8-yMnyCo0.2O2, the onset temperatures of 
decomposition reaction decreases and the mass loss resulted from the 
decomposition of the sample increases, indicating declined thermal stabilities. 
The phases emerged from the decomposition are investigated by means of 
PXRD.   
The enthalpies of formation of all synthesized samples are determined using 
high temperature oxide melt drop solution calorimetry in a sodium molybdate 
solvent at 701 °C under argon atmosphere. The results are interpolated to the 
larger composition range in LiNiO2-LiCoO2-LiNi0.5Mn0.5O2 system. A ternary 
contour, which demonstrates the standard enthalpy of formation from elements 
for the compositions to lie between the LiNiO2, LiCoO2 and LiNi0.5Mn0.5O2 
end members, is plotted to compare their relative thermodynamic stabilities. 
The results show a near-linear relationship between the standard enthalpy of 
formation value and the NMC composition. Moreover the direction of 
composition variation which leads to the maximum changes in the enthalpy 
values was determined and LiNi0.5Mn0.5O2 was found as the most energetically 
stable compounds in this region. 
To investigate the effect of chemical composition on the stability and 
cyclability upon electrochemical lithium intercalation, LiNi0.8-yMnyCo0.2O2 
compounds as well as LiNi0.5Mn0.5O2 were subject of different electrochemical 
measurements. The electrochemical investigations include galvanostatic 
coulometry with potential limitations (GCPL) in the potential range of 3-4.2 V 
and 3-4.5 V, galvanostatic intermittent titration technique (GITT) in the 
voltage range of 3.0 V and 4.5 V, cyclic voltammetry (CV) over the potential 
range of 3.0 and 4.5 V and rate capability and cyclability tests over the potential 





Die weltweite Marktnachfrage nach energieintensiven und leistungsstarken 
Energiespeichern ist sehr stark in den letzten Jahrzehnten gestiegen. Als Folge 
der bestehenden Nachfrage haben wiederaufladbare Lithium-Ionen-Batterien 
große Aufmerksamkeit auf sich gezogen. Lithium-Ionen-Batterien fanden ein 
breites Anwendungsfeld in elektronischen Geräten, mobilen Werkzeugen, 
Hybrid- und Vollelektrofahrzeugen sowie in großen Netzspeichern. Lithium-
Mischkristalloxide, insbesondere LiNixMnyCozO2 (x + y + z = 1) 
Verbindungen, auch bekannt als NMC- oder NCM-Materialien, sind eine der 
wichtigsten und am breitesten erforschten schichtstrukturierten aktiven 
Verbindungsklassen für Lithium-Ionen-Batteriekathoden. 
Die vorliegende Dissertation zielt darauf ab, den Zusammenhang zwischen der 
chemischen Zusammensetzung und der thermodynamischen Stabilität sowie 
der elektrochemischen Leistung dieser Oxidfamilie zu untersuchen. Dazu 
wurden zwei Zusammensetzungsserien von NMC-Pulverproben, nämlich: 1) 
Mangan und Nickel äquimolares LiNixMnxCo1-2xO2 (x = 0, 0,167, 0,333, 0,4 
und 0,5) und 2) Ni-Reiches LiNi0,8-yMnyCo0,2O2 (y = 0, 0,1, 0,2, 0,3 und 0,4) 
durch die Sol-Gel-Methode und Hochtemperaturkalzinierung unter Luft 
hergestellt.  
Die synthetisierten Proben wurden chemisch mit induktiv gekoppelte plasma-
optische Emissionsspektroskopie (ICP-OES), Trägergas-Heißextraktion 
(CGHE) und Kohlenstoffanalysator charakterisiert. Die durchschnittliche 
Oxidationszahl der Übergangsmetalle in jeder Zusammensetzung wurde durch 
die Redox-Titrationsmethode bestimmt. Ausgehend von den Ergebnissen der 
chemischen Analyse wurde die Formel der vorbereiteten Proben bestimmt und 
gezeigt, dass die Zusammensetzungen aller Verbindungen annähernd den 
Nominalwerten entsprachen. Die Pulver-Röntgendiffraktogramme (PXRD) 
der synthetisierten Proben wurden erhalten und mit der Rietveld-
Verfeinerungsmethode unter Berücksichtigung eines rhomboedrisch 
geschichteten Strukturmodells vom Typ α-NaFeO2 (𝑅3̅𝑚) analysiert. Die 
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Gitterparameter wurden ermittelt und zeigten eine sehr gute Übereinstimmung 
mit den Literaturdaten, die den gleichen Zusammensetzungen entsprechen. 
Zusätzlich wurde die optimale Kalzinierungstemperatur für  
LiNi0,8-yMnyCo0,2O2-Proben mit y = 0 und 0,1 festgelegt.  
Die thermischen Stabilitäten von LiNi0,8-yMnyCo0,2O2-Proben für y = 0, 0,1, 
0,2, 0,3 und 0,4 wurden mittels simultaner Differenzthermoanalyse - 
Thermogravimetrie (DTA / TG) unter Argonatmosphäre untersucht. Es wurde 
gezeigt, dass durch die Erhöhung des Ni-Gehalts in LiNi0,8-yMnyCo0,2O2 die 
Anfangstemperaturen der Zersetzungsreaktion abnehmen und der 
Gewichtsverlust durch die Zersetzung der Probe zunimmt, was auf 
verminderte thermische Stabilität hinweist. Die aus der Zersetzung 
hervorgegangenen Phasen werden mit Hilfe der PXRD untersucht.   
Die Bildungsenthalpien aller synthetisierten Proben wurden mittels 
Hochtemperaturoxid-Einwurflösungskalorimetrie in einem Natriummolybdat-
Lösungsmittel bei 701 °C unter Argonatmosphäre bestimmt. Die Ergebnisse 
wurden auf den größeren Zusammensetzungsbereich im LiNiO2-LiCoO2- 
LiNi0.5Mn0.5O2-System interpoliert. Ein ternärer Konturplot wurde 
aufgetragen, welcher die Standardbildungsenthalpie aus Elementen für die 
Zusammensetzungen zwischen den Endgliedern LiNiO2, LiCoO2 und 
LiNi0.5Mn0.5O2 zeigt, um ihre relativen thermodynamischen Stabilitäten zu 
vergleichen. Die Ergebnisse zeigen eine nahezu lineare Beziehung zwischen 
den Werten der Standardbildungsenthalpie und den NMC-
Zusammensetzungen. Darüber hinaus wurde die Richtung der 
Zusammensetzungsvariation bestimmt, die zu den maximalen Veränderungen 
der Enthalpiewerte führt, und LiNi0.5Mn0.5O2 wurde als die energiestabilste 
Verbindung in dieser Region gefunden. 
Um den Einfluss der chemischen Zusammensetzung auf die Stabilität und 
Zyklabilität bei der elektrochemischen Lithium-Interkalation zu untersuchen, 
wurden LiNi0,8-yMnyCo0,2O2-Verbindungen sowie LiNi0.5Mn0.5O2 
verschiedenen elektrochemischen Messungen unterzogen. Zu den 
elektrochemischen Untersuchungen gehörten die galvanostatische 
Coulometrie mit Potentialbegrenzungen (GCPL) im Potentialbereich von  




(GITT) im Spannungsbereich von 3,0 V und 4,5 V, die zyklische Voltammetrie 
(CV) im Potentialbereich von 3,0 und 4,5 V sowie Leistungs- und 
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1 Basic concepts  
1.1 Lithium-ion battery  
In this section, first a brief summary on the history and development of lithium-
ion battery is presented. Then the structure of the Li-ion cell and its 
components are described. Finally, positive electrode material as one of the 
most determining factors in the performance of the Li-ion cell is briefly 
reviewed.   
1.1.1 History and development  
Limited supply, uneven distribution, and unstable price of fossil fuels and the 
effect of CO2 emissions from burning of fossil fuels on global warming, lead 
to a public interest in the production of electricity from renewable and clean 
energy sources. The transition to a sustainable energy economy requires not 
only generating clean energy but also an efficient energy storage [1–3]. A 
reliable utilization and distribution of intermittent electricity from renewable 
resources requires efficient, safe and low cost stationary power and energy 
storage options. In addition, in our highly mobile, energy-dependent society 
there is a growing demand for portable energy storage devices for applications 
such as computers, mobile phones, portable tools, as well as the emerging field 
of electric and hybrid electric vehicles (EVs and HEVs). Among various 
methods that are used for the storage of energy, electrochemical methods, that 
store and release electric energy through electrochemical reactions, generally 
termed as batteries, attracted the most attention. Battery technologies can be 
used for both energy and power applications. 
Rechargeable lithium-ion batteries (LIBs) have emerged as the fastest-growing 
technology for electric energy storage [3] as they offer energy densities two to 
three times higher than their historical predecessors, lead acid and secondary 
alkaline (NiCd or Ni-metal-hybrid) batteries [4, 5]. In various other aspects, 
Lithium-ion battery 
2 
this kind of lithium secondary battery show advantages over the conventional 
rechargeable systems. These advantages include high average output voltage, 
low self-discharge, no memory effect, excellent cycling behavior, high rate 
capability, high coulomb efficiency, wide possible working temperature range, 
easy measurement of the residual capacity, maintenance free and very few 
adverse effects on the environment [6]. The so-called Ragone chart depicting 
specific energy versus specific power (usually in logarithmic scale), as shown 
in Figure 1.1, is typically used to compare the performance of different types 
of battery [7].  
 
Figure 1.1: Ragone chart showing specific energy versus specific power for different types 
of battery [7]. 
The first commercial rechargeable (secondary) lithium battery reported by 
Exxon in  1975, had TiS2 and LiAl as cathode and anode materials, 
respectively, and worked based on the reversible Li intercalation in LixTiS2 
[8]. These original cells were reported active with 2/3 of their capacity until 
2014 [9], which is an evidence of intrinsic long life of lithium cells. However, 
the commercialization of rechargeable lithium batteries was not successful as 
the dendritic growth of lithium metal as the negative electrode resulted in 
serious safety problems, even in prototype scales [10]. One solution, which 
was proposed to overcome this problem, was the replacement of lithium anode 
(or its alloys) with a non-metallic compound capable of storing and exchanging 
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a large quantity of lithium ions. As in this system lithium ions rock between 
negative and positive electrode of a concentration cell, these cells have been 
termed as rocking-chair cell by M. Armand [11]. The feasibility of the rocking 
chair battery concept was investigated by Bonino et al. on small laboratory 
prototype cells with complicated electrode fabrication (original conference 
proceeding was not found) [10]. 
Although the concept of lithium-ion (shuttlecock) cell emerged in early 1980s 
by Goodenough and co-workers [12], it gained new attentions as an innovative 
secondary system about a decade later. The first commercially successful 4 V 
lithium-ion cell has been introduced in 1991 by Sony for portable electronic 
devices based on carbon as anode, a non-aqueous electrolyte, and lithium 
cobaltate (LiCoO2) cathode [13]. As the lithium-ion concept worked very 
successfully, the next generation of lithium-based secondary batteries was 
developed based on this type of cell with intercalation compounds. Since then, 
for the past three decades, lithium-ion batteries became dominant for powering 
portable electronic devices. 
Currently, LIB dominates the energy storage technology in consumer 
electronic market and is positioned as the energy storage device of choice for 
plug-in hybrid electric vehicles (PHEVs) and all-electric vehicles. Large-
format cells and packs, which are used in transportation applications have 
energy capacities of 15–20 kWh for PHEVs and up to 85 kWh for all-electric 
vehicles [3].  
These battery packs can also be incorporated into systems for grid applications. 
As an example, Li-ion systems prevail in the current setting for grid-scale 
electric energy storage in the United States [3]. 
Considering theoretical specific energy, researchers worldwide see high 
development potentials for new materials and cell chemistries such as Li/O2 
[14–16], Li/S [17, 18], Na-ion [19, 20], Mg-ion [21] and multi-electron 
phosphates [9, 22]. However, when it comes to analyzing the cost, volume and 
mass at the system-level, due to the requirements of the gaseous oxygen 
reactant, the best-case of nonaqueous lithium–oxygen batteries and the current 
lithium-based batteries using metal-oxide positive electrodes are found 
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comparable [23]. Therefore, advanced lithium-ion technology seems to be a 
moderate risk pathway to reach long-term automotive objectives. The 
competitive market demands the improvement in state-of-the-art Li-ion battery 
technology and optimization of energy density, power density, cycle life, 
thermal behavior, safety and costs for different applications. For instance, high 
energy is more important for electric vehicles, while hybrid vehicles 
foremostly need power. For portable electronics, where autonomy is essential, 
energy density measured in Wh·Kg-1 is primarily sought.  
1.1.2 Lithium-ion cell; mechanisms and 
components 
A lithium-ion cell is a galvanic cell that consists of two dissimilar electronic 
conductive electrodes, a reductant (anode) and an oxidant (cathode), separated 
by an ionic conductor electrolyte. The reversible chemical reaction responsible 
for the generation and storage of electricity, known as redox reaction, takes 
place at the interface of the electrodes and electrolyte. In galvanic cells, the 
redox reaction is divided in two half-cell electrochemical reactions: oxidation 
(release of electrons) at the anode and reduction (take in of electrons) at the 
cathode. Anode and cathode are conventionally defined based on their 
behavior during discharge. The electrolyte allows transfer of lithium ions 
between the electrodes but does not allow transport of any released electron, 
forcing them to pass an external electrical circuit outside of the cell through a 
current collector. When the cell is discharged, the output is an external current 
I at the voltage of V for a time of Δt [24]. By application of a charging I and V, 
the chemical cell reaction takes place in the reversed direction and a cycle is 
completed. When two or more of the galvanic cells are connected in series or 
parallel, depending on the required output voltage and capacity, a battery is 
assembled. Figure 1.2 shows a schematic picture of an electrochemical 
lithium-ion cell and its components. 
In lithium-ion batteries, and generally in reversible electrochemical cells, the 
anode and cathode are switched depending on whether the cell is charging or 
discharging, because the half-cell reactions are reversed by the way the current 
is flowing. Hence, using the terms anode and cathode might be confusing as 
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they are consistent only with what happens during cell discharge. To avoid this 
confusion, it is preferred to label the electrodes as positive and negative, 
depending on their relative potential. However, as the convention is to refer  
the electrodes in terms of their behavior during discharge, in batteries the 
negative electrode is always called the anode and the positive electrode the 
cathode [6]. 
 
Figure 1.2: Schematic picture showing the main components of a lithium-ion cell [24]. 
There are different working concepts for lithium-ion batteries depending on 
the type of the overall cell reaction. The major types of reaction mechanisms 
in electrochemical cells are  [6] (1) formation reaction, in which in one the 
electrodes a new phase is formed from its atomic constitutes (example of this 
type is the cell with lithium – antimony chemistry) (2) conversion reaction such 
as Cu2O - Li system and (3) insertion or intercalation reaction which involves 
the insertion and extraction of guest species (lithium ions) into interstitial sites 
of the solid matrix of a host material without destructing the core structure. 
This mechanism is also referred as topotactic reaction. Intercalation based 
reactions provide the opportunity for the highest rates in solid electrodes 
because there is no need to build new structures on discharge and charge. 
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However, their capacity is restricted by the limitation of the host structure for 
holding lithium, as well as by the mass and volume of host material.  
As mentioned in the previous section, the first lithium-ion battery from Sony 
was developed based on insertion mechanism and this type of electrochemical 
reaction is still the dominant system in the field. In the remaining part of this 
section, cathode materials with the intercalation mechanism are focused.  
1.2 Electrochemical parameters of lithium-ion 
cells 
There are different parameters used to describe and evaluate the performance 
of the cell and characterize the behavior of the electrode materials. The 
theoretical values of some of these parameters correspond to the equilibrium 
performance of the material. However, the practical values of these parameters 
vary from the maximum theoretical values, because of the presence of passive 
components and non-effective utilization of active components in the chemical 
reaction [6]. Theoretical parameters can be determined by the thermodynamics 
of the chemical reaction between the components in the electrodes whereas 
electrochemical techniques are used to evaluate the practical parameters and 
thereby the real performance of the cell. In the following, common terms 
frequently used in the evaluation of Li-ion cells, are described. 
Cell potential is divided into the theoretical and the practical values. The 
equilibrium cell potential (𝐸0(𝑥)) is the theoretical voltage of an 
electrochemical cell depending on the difference between the chemical 
potential of lithium in the anode and cathode material. This equilibrium 
potential is equal to the open circuit voltage (OCV), i.e. when no current is 
passing through the external circuit. The potential difference supplies the 
driving force for the transport of ions through the electrolyte, and electrons in 
the external circuit. The equilibrium cell potential is given by the Nernst 

























𝑎𝑛𝑜𝑑𝑒 )     (1.1)  
where ∆𝐺(𝑥) is the Gibbs free energy change for the cell reaction: 
☐MeO2 + xLi → LixMeO2  (1.2) 
and 𝐸0(𝑥) is the open circuit voltage at x state of charge (lithium content in 
cathode). µLi and aLi are the chemical potential and the activity of lithium, 
respectively in relevant electrode. F is the Faraday constant (96500  
Coulombs⋅mole-1 = 26.8 Ah⋅mol-1), R is the universal gas constant (8.314  
J⋅K-1⋅mole-1) and z is the charge (in moles of electrons) transfered by lithium 
in the electrolyte during the cell reaction. For lithium intercalation in most 
nonelectronically conducting electrolytes z = 1 [25]. For a half-cell 
configuration with pure metallic lithium as anode material, 𝑎𝐿𝑖
𝑎𝑛𝑜𝑑𝑒 = 1. 
The operating voltage (𝐸(𝑥)) or the closed circiut voltage is the output voltage 
at which the battery operates during charge and discharge in its actual use. This 
voltage is a function of the state of charge. In most cases, it varies from the 
equilibrium voltage due to various kinetic factors. 
Charge capacity is the amount of charge that a battery contains, often 
measured in mAh or Ah. As in the case of voltage, the maximum or the 
theoretical charge capacity is a thermodynamic quantity but unlike voltage, 
charge capacity is an extensive quantity. This means that the charge capacity 
of an electrode depends on the amount of material in it. It also depends on the 
chemistry of the battery. Theoretical capacity (𝑄𝑡ℎ) in Ah is calculated by 




   (1.3)  
where ℳ is the molar weight of the cathode materials in g·mole-1, m is the 
mass of the active material in cathode used in the cell in grams and F is 96500  
coulombs⋅mole-1.  
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The practical capacity in Ah is calculated as:  
𝑄𝑝 =  ∫ 𝐼(𝑡) ⋅ 𝑑𝑡
𝑡2
𝑡1
    (1.4)  
where I(t) in amperes is the current as a function of time and t1 and t2 stand for 
the begin and end of the considered interval in hour, respectively.   
State of charge is the fraction of the maximum capacity that is still available. 
Current density (i) is the ratio of the total current from an electrode (I) to its 




       (1.5) 
Charge density or specific charge is the amount of theoretical (qth) or 
practical (qp) charge per unit weight of the reactants in Ah·g-1. 
Energy density or specific energy (W) is the energy per unit weight (or 
volume) of a material or a device. It is often measured in Wh·kg-1 (gravimetric) 
or Wh·L-1 (volumetric). Maximum Theoretical Specific Energy (MTSE) 
according to Huggins [28] is the maximum value of specific energy that can 
be obtained from the respective electrochemical cell. The maximum storable 
energy from a cell equals the standard Gibbs free energy of the cell reaction 
(ΔrG0) per mole of the reactants in J⋅mole˗1:  







          (1.6) 
where 𝓃 is the sum of the moles of reactants of cell reaction, 𝐸0 is average 
voltage in volts and F is 96500 coulombs⋅mole-1. One Wh equals 3600 Joul. 
MTSE in J⋅g˗1 or kJ⋅kg˗1 can be calculated using the following equation: 







       (1.7) 
where 𝓌 is the sum of the molecular weights of reactants of the cell reaction. 
Therefore, the accessible energy of a cell depends on the electrode material. 
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The practical energy contained in an electrochemical cell in Wh·g-1 is the 
integral of the voltage multiplied by the charge capacity: 
𝑊𝑝 = ∫ 𝐸(𝑥)𝑑𝑞     (1.8) 
where q is the amount of practical charge density in Ah·g-1 and 𝐸(𝑥) is the 
voltage of the cell in volts. Layered transition metal oxides are suitable 
electrodes for high-energy-density applications thanks to their high cell voltage 
(about 4 V with respect to metallic lithium) combined with a relatively high 
capacity.  
Cycle life is the number of cycles that a device can be effectively recharged 
before its performance, e.g. its capacity degrades to a specific degree.  
1.3 Cathode materials  
To increase the energy density, either specific capacity or the cell voltage 
should increase (as defined in Section 1.2.). Cell voltage is limited to the 
stability window of the conventional electrolytes. Therefore, the right strategy 
for the improvement of the energy density is using high capacity electrode 
materials. The fact that graphite is used predominantly in the lithium-ion 
batteries as the negative electrode means that the positive electrode material is 
the bottleneck in the improvement of the performance of lithium-ion cell and 
is being intensively investigated. In addition, by recent introduction of 
nanocomposites of Sn/C/Co alloys or Si-C led as major developments in anode 
material, there is a need for cathodes with higher capacities for optimum 
operation [29] 
The host network compounds in the intercalation cathode of lithium-ion 
battery could be metal chalcogenides, transition metal oxides and polyanion 
compounds [30]. In general, current state-of-the-art positive electrode 
intercalation materials are categorized into three classes based on their 
structure and subsequently the dimensionality of the Li+ ion diffusion in them 
[31]: (i) layered compounds like LiCoO2 and its derivatives, (ii) spinel-like 
compounds such as LiMn2O4 and (iii) polyanion-based compounds with 
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olivine or tavorite structure as LiMPO4 (M = Fe, Mn, Ni, Co, etc.) or 
Fluorophosphates. The representative structures of the three categories are 
depicted in Figure 1.3. Typically, the intercalation cathodes have 100–200 
mAh⋅g-1 specific capacity and 3-5 V average voltage vs. Li/Li+ [30]. 
 
Figure 1.3:  Crystal structures of different intercalation cathodes: (a) layered (LiCoO2), (b) 
spinel (LiMn2O4), (c) olivine (LiFePO4) and (d) tavorite (LiFeSO4F) (From Ref. 
[30]).  
Layered lithium metal oxides attracted interests for application as cathode due 
to their topotactic Li-interaction mechanism. This means that these oxides 
show a large stability region with respect to lithium content that in some cases 
might reach 1 to 0 Li without substantial changes of the structure of the 
material [25]. Therefore, the layered material shows higher capacity (a 
reversible capacity of 140 to 200 mAh·g-1) comparing the two other types of 
cathode structures. Layered materials are used as cathodes for high-energy 
systems, while spinel oxides and olivines are considered in the case of high-
power lithium-ion batteries because of low cost and long-life requirements, 
respectively [31]. LMO2 typically has a trigonal crystal system and the average 
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oxidation state of the M cation in LMO2 is +3 [32]. In Chapter 2, major 
developments in layer structured lithium transition metal oxides, in particular 





2 Layer-structured LiMO2 (M = Ni, 
Mn, Co) 
The layered lithium transition metal oxides with the general formula LiMO2 
(M = Co or Ni or Mn or a combination of them) have been the most widely 
commercialized cathode material for LIBs [33, 34]. The purpose of this chapter 
is to review the state of the art on the challenges and progress in the 
development of this family of oxides as cathode material for lithium ion 
batteries and the related mechanism.  
2.1 Crystallography of LixMO2 phases  
In this section, the main structures in LixMO2 compounds appearing during 
synthesis or lithium deintercalation, namely layered (O1, O3, H1-3) and cubic 
(rock salt and spinel), will be discussed. The crystal structures of these relevant 
phases are depicted in Figure 2.1. An introduction of the crystallography of 
these phases is essential as the synthesis, operation and degradation of layered 
lithium oxide cathodes involve different transformations between such phases, 
that will be discussed in Section 2.3. The common feature of these structures 
is the presence of closed pack oxygen sublattice.  
The layered crystal structure of the 𝒜MO2 composition (𝒜 = alkali, M = 3d 
element) has a close packed framework of oxygen anions. In Figure 2.1, the 
columns next to each structure with “A”, “B” and “C” characters denote the 
oxygen sheets and show the pattern according to which the stacking of oxygen 
anions is repeated within the structure. The 𝒜+ and the M3+ cation are ordered 
in interstitial sites of alternating (111) planes of the rock salt type structure [35, 
36]. The (111) ordering induces a slight distortion of the lattice to a hexagonal 
symmetry. From the layers filled by M cations, MO2 slabs are formed 
consisting of edge-sharing MO6 octahedrals. The 𝒜 cations, which can be 
intercalated, are located in the layers between the MO2 sheets.  
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Figure 2.1:  The crystal structure of (a) O1, (b) O3, (c) H1-3, (d) spinel and (e) rock salt 
phases, which are relevant in lithium (de)intercalation of LixMO2. Blue and 
green octahedra represent MO6 units and Li sites, respectively [37]. 
The 𝒜 cations can occupy octahedral (O), prismatic (P), or tetrahedral (T) 
sites, based on the relative stacking of the MO2 slabs [36]. When the oxygen 
layers of neighboring MO2 slabs stack directly on top of each other around the 
layer of 𝒜 cations, prismatic sites emerge. A shift in this relative stacking 
results in the formation of octahedral and tetrahedral sites within the 𝒜 layer. 
The octahedral sites form a planar triangular lattice with face-sharing 
tetrahedral sites connecting neighboring octahedral sites. 
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According to the classification introduced by Delmas et al. [36], a letter is used 
to indicate the coordination of 𝒜 cations by oxygen anions, i.e. either O for 
octahedral, P for prismatic, or T for tetrahedral. A number that indicates the 
number of MO2 sheets repeated in a unit cell follows the letter. The unit cell 
here describes the translational symmetry along an axis vertical to the MO2 
sheets. The five “primitive” stacking sequences are O1, O3, P3, O2, and P2. 
These structures are divided into two main groups: the O3/O1/P3 and the 
O2/P2 group [37]. Transformations between structures of each group is easily 
possible through gliding of the MO2 layers while transformations between 
structure from two different groups require the breaking of metal–oxygen 
bonds, which needs more energy than gliding transformations. Therefore, 
cathode structures usually remain in the same family during cycling [38]. 
In the O3 structure, the oxygen layers are stacked in an AB CA BC pattern, 
forming a rhombohedrally distorted fcc oxygen lattice with three MO2 slabs 
required to complete the unit cell. The O3 structure is commonly referred to 
by its prototype structures: α-NaFeO2 with the space group of 𝑅3̅𝑚. [39]. 
Similarly, in the O1 structure the oxygen layers are stacked in an ABAB 
pattern, forming an hcp oxygen lattice with a single MO2 sheet repeated in the 
unit cell. Hybrid H1-3 phase consists of alternating blocks of O1 and O3 
structures and is observed upon partial delithiation [40–42]. The P2 and O2 
structures can also be synthesized for 𝒜MO2 compounds but are metastable 
[43, 44]. If monoclinic distortions is present in layered oxides, a prime symbol 
is added to the structure name [45]. In O3 structure, such distortions reduce the 
space group from R3m to C2/m, which is designated as O′3. The distortion 
happens either due to collective Jahn–Teller distortions (like in LiMnO2 [46]) 
or lithium-vacancy ordering (like in Li0.5CoO2 [41, 47]).  
The spinel and disordered rock salt structures have the same fcc oxygen 
framework as O3 but the arrangement of 𝒜 and M cations in octahedral and 
tetrahedral interstitial sites is different. Therefore, O3 is sometimes referred to 
as layered rock salt. Figure 2.2 shows how cation-ordering on (111) planes of 
the rock salt structure form the O3 structure. Rock salt phases forming from 
the degradation of layered oxides are rich in transition-metal, with 
compositions close to MO. The transformation from the delithiated layered 
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MO2 to a rock salt MO takes place by oxygen release and diffusion of  
transition-metal ions back into the material (referred to as densification) [37]. 
If the O3 structure transforms into spinel, one quarter of the metal ions migrate 
from the transition-metal layer to particular octahedral sites in the Li layer 
(metal ordering within the fcc oxygen lattice with cubic symmetry) and, as a 
result, the Li ions rearrange. If the Li concentration in LiαMO2 is close to α = 
1, the Li ions either reside in the remaining octahedral sites in spinel and if the 
Li concentration x is less than 0.5, Li ions occupy a subset of tetrahedral sites 
that do not share faces with MO6 octahedra [48, 49]. 
 
Figure 2.2:  The layered structure is formed by cation ordering in rock salt structure [35]. 
The phase transformation of O3 to rock salt and spinel, which are more facile 
at higher temperatures, are irreversible. However, due to kinetic limitations in 
interlayer migrations of the transition metal ions [50, 51], the O3 structure 
usually undergoes a number of reversible phase transformations when cycled 
at room temperature. Upon deintercalation of lithium in layered LiαMO2, 
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depending on the extent of preserving the host structure, the phase 
transformations are categorized in three types.  
1) If the host crystal structure remains unchanged, the phase 
transformation is least destructive. An example of this type is from 
O3-Li0.95CoO2 to O3-Li0.75CoO2 with slight changes in lattice 
parameters, which is an insulator-to-metal electronic transition [52–
54].  
2) If the host crystal structure preserves original network, but a structural 
distortion along with reduction in symmetry happens, the phase 
transformation is more destructive. Such transformations are caused 
by the Jahn-Teller distortions and / or lithium-vacancy ordering and 
result in rhombohedral O3 to a monoclinic O′3 transformation, as 
shown in Figure 2.3 [41, 46, 47, 55, 56]. Transformations driven by 
Jahn– Teller distortions can lead to dramatic changes in lattice 
parameter and are more destructive comparing those associated with 
lithium vacancy ordering.  
3) If the stacking of MO2 slabs changes upon delithiation, the phase 
transformation is more disruptive. An important example of such 
transformation is the transformation from the O3 to O1 host structure 
after complete lithium removal. Transformations to one or more 
hybrid O1/O3 phases such as H1-3 may also happen at intermediate 
compositions.  
Phase transformations can be also categorized as first-order or continuous. 
However, the first-order (a two-phase coexistence) and continuous transitions 
(changes in symmetry) in battery materials are often difficult to distinguish 
[37].  
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Figure 2.3:  The crystallographic relationship between hexagonal and monoclinic description 
for LiαNiO2. The pictures taken from Ref. [57, 58]. 
2.1.1 Characteristics of layered structure  
The relative size of transition metal (M) against alkaline (𝒜) cations in 𝒜MO2 
compounds is the determining factor for the layered structure characteristics of 
these compounds and the possibility of cation mixing [35]. The size difference 
should be large enough to increase the two-dimensional ordering 
characteristics of the structure. It is worth reminding that, mismatch in the ionic 
size can result in lattice strains and material instability [59]. Figure 2.4, 
retrieved from a review paper by Rozier and Tarascon [60], compares the ionic 
radii of stable valance states of 𝒜 (Li, Na) and M (Co, Ni and Mn) species. It 
shows that all NaMO2 ternary oxides crystalize in such a well ordered layered 
structure due to the large difference in size between Na+ and M3+ cation. 
However, in lithium derivatives, only Ni and Co in their trivalent state meet 
the requirements for a 2D layered structure. The size difference between larger 
Mn3+ ions in high spin state and lithium ions is not high enough for a 2D order. 
Nevertheless, smaller tetravalent Mn ions can meet the criteria for a layered 
structure. It should be mentioned that these results concern only stable 
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materials prepared at high temperatures. Metastable-layered LiMO2 can be 
obtained by chemical exchange at low temperatures from the parent sodium 
phases, but are decomposed when heated to around 300 °C.  
 
Figure 2.4:  Comparison of the ionic radii of stable valance states of 𝒜 (Li, Na) and M (Co, 
Ni and Mn) species [60]. 
The second parameter for predicting the possibility of a stable 2D structure in 
the 𝒜MO2 compounds is the stability of the valence state of the transition 
metals (M) [35]. The stability means that the desired valence state of M cations 
in respect to the first parameter needs to be thermodynamically stable at the 
synthesis conditions such as temperature and partial pressure of oxygen. These 
two parameters will be used to describe the layered structure characteristics of 
different compounds in the following of this chapter. 
There are some features of the x-ray diffractogram of a sample with LiMO2 
composition that are related to the extent of cation mixing and thus the layered 
characteristics of the structure. Ohzuku et al. [57] pointed out that the 
integrated intensity ratio of I(003) / I(104) Bragg peaks for LiNiO2 could be  a 
key factor. The mixing between Ni ions at octahedral 3a sites and Li ions at 3b 
sites in the space group 𝑅3̅𝑚 decreases the intensity of the (003) line, while 
such a displacement does not affect the intensity of the (104) peak. When the 
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integrated intensity ratio of (003) to (104) lines (I(003) / I(104)) is below 1.2, 
the (108) and (110) doublets become difficult to distinguish from each other 
[61]. LiNiO2 is reported to be inactive in nonaqueous lithium cells if the 
intensity ratio is below 1.0 [61]. The integrated intensity itself can be 
determined by two methods, either by measuring the area under the peak 
(enclosed by the estimated background) or estimated by multiplying the 
maximum peak height at full width at half maximum (FWHM) of the peak. 
The measurement of peak areas may not be very accurate as the level of the 
background is an uncertain feature of the peak as a triangle and the area may 
change noticeably with small changes of background. Therefore, the product 
of the peak height and the width at half peak height is considered as the most 
satisfactory method for the measurement of integrated intensity [62].  
2.2 Exploration of the NMC chemistry 
To gain an understanding of the LiNixMnyCo1-x-yO2 (NMC) materials as a 
combination of LiCoO2, LiNiO2 and LiMnO2 systems, a brief review of the 
end members, i.e. LiCoO2, LiNiO2 and LiMnO2 as well as their binary 
combinations, i.e. LiCoO2-LiNiO2, LiCoO2-LiMnO2 and LiNiO2-LiMnO2 
systems is necessary.  
2.2.1 Parent materials 
2.2.1.1 LiCoO2 
LiCoO2 (LCO), the parent compound of the LiMO2 family, was first reported 
by Goodenough and co-workers [12] and after its commercialization in 1991 
it received great research attentions. High temperature form of LiCoO2 (HT-
LiCoO2), adopts the α-NaFeO2 type structure (space group: 𝑅3̅𝑚, No. 166) as 
described in Section 2.1. In LCO compound cobalt is trivalent in the low spin 
state with the electronic configuration of (t2g)6(eg)0 [31]. Despite the high 
theoretical capacity of the layered LiCoO2 (274 mAh·g-1), its reversible 
capacity is limited to only 50% of the theoretical value, i.e. cut-off voltage 
should be limited to 4.2 vs. Li/Li+ [47]. Further delithiation results in 
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irreversible structural changes [60, 63, 64], large shape and volume changes 
during (de)intercalation leading to mechanical damage [65–69], loss of oxygen 
due to a reduced stability of delithiated phase [66], electrolyte decomposition 
[70], transformation to the spinel phase [65], the formation of an SEI (solid-
electrolyte interface)-like film on LCO [71] and dissolution of cobalt in 
electrolyte [72], thereby leading to severe capacity loss. Manthiram et al. [73] 
suggested that by extracting more than half of the lithium from LCO, chemical 
instability occurs due to a significant overlap of the redox active Co3+/4+:t2g band 
with the top of the O2−:2p band as shown in Figure 2.5. Co is also rather expensive 
and toxic, both of which hinder its use in large-scale batteries for electric 
vehicles and grid storage applications. Furthermore, low thermal stability of 
LCO leading to thermal runaway at around 200 °C makes it an unsafe cathode 
option for larger batteries [30, 74]. Although doping and substitution of Co 
with Mn, Al, Fe or Cr [75–78] or coating with Al2O3, B2O3, TiO2 or ZrO2 [79, 
80] have shown to be promising in the improvement of the performance of 
LCO, alternative chemistries to LiCoO2 especially for large-scale applications 
are necessary.  
 
Figure 2.5:  Comparison of the energy diagrams of LiCoO2, LiNiO2, and LiMnO2 [73]. 
2.2.1.2 LiNiO2 
LiNiO2 (LNO) with the same structure and similar theoretical specific 
capacity, was initially considered as an alternative to LCO because of 
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environmental benignity and lower cost of Ni comparing Co [81]. In LNO, 
nickel is trivalent with low-spin (t2g)6(eg)1 electronic configuration. Unlike in 
the case of LCO, in LNO the t2g orbitals remain completely filled during the 
charge/discharge process. However, a strong Ni-O-Ni covalence result in a 
reasonably high conductivity with a semi-conducting behavior [82]. In LNO 
there is no significant overlap of the redox active Ni3+/4+: eg band with the top 
of the O2−: 2p band, as can be seen in Figure 2.5. Therefore, the extraction of 
one lithium-ion per Ni (reaching higher capacity) is possible without 
encountering the release of oxygen from the lattice [73]. 
LiNiO2-based cell has a higher energy density and reversible capacity (ca. 200 
mAh⋅g-1) [29] while having a lower operating voltage (about 250  mV less) 
than those based on LiCoO2 [83]. Dahn’s group [74, 81, 84–86] and later 
Ohzuku et al. [57, 61] and Delmas et al. [56, 87–90] performed a great deal of 
research on the preparation condition, cation distribution and performance of 
LiNiO2.  
However, for several issues LNO was not successful in supplanting LCO. First, 
the synthesis of stoichiometric LiNiO2 is difficult [90, 91]. The closest 
synthesized sample to stoichiometry to the best of our knowledge is 
Li0.996Ni1.006O2 [92]. In practice, during the synthesis process by different 
routes, it is difficult to stabilize Ni as Ni3+ valence state, even by calcination in 
flowing oxygen at the lowest possible temperature (~700 °C). Instead the off-
stoichiometric Li1-yNi1+yO2 phase (0.00 < y ≤  0.20) is formed in which 1+y 
Ni3+ is decomposed to 2y Ni2+ and (1-y) Ni3+ with simultaneous volatilization 
of y Li from the reaction mixture [90]. The Ni2+ ions present in the products 
have a similar size to the Li+ ion (rNi2+ = 0.69 Å, rLi+ = 0.76 Å and rNi3+ = 0.56 
Å) [93]. As a result, the excessive yNi2+ occupy the Li interlayer sites, resulting 
in cation site disorder. The parts where Ni has contaminated the Li+ site are 
regarded as local NiO disordered array halite layers (space group: 𝐹𝑚3̅𝑚) 
[94].  
Furthermore, during the first charge of LiNiO2, after oxidation of Ni ions in 
the transition-metal layer, with further delithiation, Ni2+ ions in the Li layer 
oxidize to smaller Ni3+ ions. The smaller size of Ni3+ than Ni2+ results in a local 
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contraction of the interslab distance and these ions act as local pinning centers 
restricting the diffusion of Li+ ions during the first discharge and leading to 
significant irreversible capacity loss [88, 92, 95, 96] and slower lithium 
diffusion in LNO compared to LCO [97, 98]. This phenomenon is 
schematically demonstrated by Delmas et al. as in Figure 2.6 [88]. Another 
problem associated with LNO is the safety concern. As thermal  gravimetric 
analysis has shown, the thermal stability of delithiated LNO is inferior to that 
of LCO  [74].  
 
Figure 2.6:  The mechanism of irreversible capacity loss during the first electrochemical  
cycle of LiNiO2. The oxidation of Ni
2+ ions in the Li layer results in local pinning 
centers restricting the diffusion of Li+ ions during first discharge [88]. 
2.2.1.3 LiMnO2 
From an economical and environmental point of view, layered LiMnO2 (here 
referred as LMO) with the same structure as LCO is a very attractive material. 
However, layered LiMnO2 does not form through conventional solid-state 
synthesis routes which are used in the synthesis of layered Co or Ni analogues. 
instead, using high temperature firing, LiMnO2 crystalize in the form of an 
orthorhombic phase, o-LiMnO2 with the Pmmn space group [99, 100]. As 
described in Section 2.1 and shown in Figure 2.4, the layer-structured LiMnO2 
is not stable due to the small ionic radii difference between Mn3+ in high spin 
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configuration (rMn3+ = 0.65 Å) and Li+ (rLi+ = 0.76 Å). O-LiMnO2 shows poor 
electrochemical activity [101].  
The metastable well-layered LiMnO2, has been produced almost two decades 
ago using ion exchange of the thermodynamically stable layered NaMnO2 with 
Li+, as independently reported by Dahn et al. [102], Bruce et al. [103] and 
Delmas et al. [104]. Wang and Navrotsky [105] experimentally showed that 
the orthorhombic structure is thermodynamically more stable than the 
monoclinic layered structure. The resulting layered materials does not have a 
perfect α-NaFeO2 structure, but a monoclinic unit cell with lower symmetry 
(space group: C2/m) with angles and lattice constants distorted from the 
rhombohedral due to cooperative Jahn–Teller effect of high spin Mn3+ ions. 
Although most researchers suggest that m-LiMnO2 can only be prepared by 
meta-stable soft chemical routes, the results from Jang et al. [106, 107] show 
that m-LiMnO2 is stable at 1050 °C in air and can be maintained at room 
temperature by quenching in water. 
Nevertheless, the layered LiMO2 is no practical option for a cathode material 
for three reasons. First, because layered Li0.5MnO2 rapidly converts to the more 
stable LiMn2O4 spinel structure upon cycling, resulting in an irreversible loss 
of capacity and a spinel-like drop in the voltage profile [49, 108–110]. In Mn-
based LiMO2 phases, Mn3+ ions undergo a disproportionation reaction favored 
by the contact with the electrolyte, to form Mn2+ and Mn4+. The mobile Mn2+ 
ions can easily diffuse from Mn to Li layer via the dumbbell mechanism [50, 
51, 111]. This mechanism is quite fast because of the high stability of Mn2+ in 
the tetrahedral sites, which serve as an intermediate step in the interlayer 
migration. The layer to spinel phase transformation will be discussed further 
in Section 2.3. To prevent the transformation into spinel, layered LiMnO2 with 
different oxygen layers stacking sequences, such as O2 type instead of O3 type 
(see Section 2.1 and 2.3 for the definition of different types) was proposed. 
However, these compounds presented poor electrochemical performances 
[112].  
Secondly, the cycling performance of LMO was not satisfactory because of the 
Mn dissolution in the electrolyte [113, 114]. Mn2+ from the disproportion 
reaction is thought to be soluble in the electrolyte, and destabilize the anode 
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SEI [115–118]. Thirdly, during delithiation, the distortion of the monoclinic 
phase is removed resulting in large mechanical stresses that could fracture the 
material [37].  
2.2.2 Binary combinations 
As mentioned in the previous section, each lithium single transition metal 
oxide faces certain limitations. To minimize these limitations, mixing them and 
coming up with different compositional variation could be an effective 
solution. There are a few works that systematically investigated the possibility 
of the formation of a substitutional solid solution for different binary 
combinations of LiMO2 (M = Ni, Co, Mn, etc.) [59, 119–121].  
The changes in the composition are accompanied by the changes in the size 
and the valence state of cations present in the layered structure. As discussed 
in Section 2.1, the size mismatch of the cations results in lattice strains and 
structural instability of the layered LiMO2 oxides. Bond valance model 
presents an empirical correlation between the bond length and the bond valence 
(formal oxidation state of the atoms) for a given cation-anion pair [122–124]. 
Noticeable deviation from the expected bond distances indicates the steric 
strain in the lattice (or problems in the determination of crystal structure). 
Therefore, this model is able to analyze and predict the lattice strains from the 
experimental interatomic distances and evaluate material stability.  
Based on the bond valence model, Levi and Aurbach obtained a direct 
correlation between the length of transition metal-oxygen (TM-O) bonds and 
the valence state of the transition metal for unstressed TM-O bonds [125]. They 
used such correlation to evaluate the lattice strains in layered structure LiMO2 
(M = Ni, Co, Mn, etc.) arising due to the cation substitution in the TM layer by 
introducing a tolerance factor. Being a function of chemical composition 
(substitution level) and the size difference of the substituted cations, the 
tolerance factor estimates the stability of the solid solution of two lithium 
single TM oxides during synthesis and electrochemical deintercalation [59]. 
The prediction of solid solution stability ranges made by the tolerance factor 
of Levi and Aurbach are in very good agreement with the experimental data 
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for the LiCoO2-LiNiO2, LiCoO2-LiMnO2 and LiNiO2-LiMnO2 binary 
combinations, indicating the effectiveness of this model [59]. 
Koyama et al. [119] conducted first-principles calculations on the LiCoO2-
LiNiO2-LiMnO2 system to investigate the solid solution behavior of the 
different binary combinations of end members. It is shown that LiNi1-xCoxO2 
is a solid solution between LiCoO2 and LiNiO2. However, no stable solid 
solution forms between LiCoO2 and LiMnO2, instead phase separation is 
predicted. LiNiyMn1-yO2 is found stable only when y ≥ 0.5 and the compound 
is considered as a solid solution of LiNiO2 and LiNi0.5Mn0.5O2, not LiMnO2, 
due to the charge distribution between Mn and Ni. Figure 2.7 shows the 
summary of their calculations on phase triangle of LiCoO2-LiNiO2-LiMnO2.  
 
Figure 2.7:  The summary of the prediction of solid solution formation for all binary combi-
nations of the LiCoO2-LiNiO2-LiMnO2 system based on first principle  
calculations [119]. 
2.2.2.1 LiCoO2-LiNiO2 
LiCoO2 and LiNiO2 form a complete solid solution with the layered structure  
[126]. It means that the Ni and Co cations can be mixed randomly in transition 
metal layers in all ratios to form a single phase. The realization of LiNi1-xCoxO2 
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solid solution for the entire range of x (0 ≤ x ≤ 1) is due to the following facts: 
(i) LiCoO2 and LiNiO2 are isostructural, (ii) Co and Ni ions are trivalent with 
very similar ionic radius (rCo3+ = 0.545 Å and rNi3+ = 0.56 Å, both low spin), 
(iii) LiCoO2 and LiNiO2 can be synthesized under flowing oxygen, and (iv) the 
electronegativity of Ni (1.91) is similar to that of Co (1.88) [127]. LiNi1-xCoxO2 
solid solutions have lower insertion potentials compared to that of the pure 
LiCoO2 phase [128, 129].  
For low substitution amounts (x ≤ 0.2), off-stoichiometry, similar to LiNiO2 
was observed [35]. However, by substituting more Ni with Co (for x ≥ 0.3), 
even without flowing oxygen during calcination, the formation of Ni2+ is 
prohibited resulting in reduced cation disorder. This leads to stabilization of 
the two dimensional character of the layered structure (increase in the trigonal 
distortion of the cubic lattice) and consequently, improvement of the 
reversibility of lithium intercalation [35, 130]. For Ni-rich compositions (0 ≤ x 
≤ 0.4), by increasing Co content, there is a small decrease in potential while 
the shape of the voltage curve does not change dramatically [126]. For cell 
voltages of 3.5 – 4 V, up to 0.6 lithium atom per LiNi1-xCoxO2 can be reversibly 
deintercalated [126]. However the solid-state properties and battery 
performances of LiNi1-xCoxO2 vary depending on the synthesis method [94, 
131–133] 
It is suggested that among all LiNi1-xCoxO2 compounds, LiNi0.8Co0.2O2 has the 
best electrochemical charge-discharge behavior due to a balance between low 
lithium deficiency and high nickel content [94, 134].  
2.2.2.2 LiCoO2-LiMnO2 
The layered LiNi1-zCozO2 (0 ≤ z ≤ 0.5) cannot be prepared using the 
conventional solid-state method. Instead, it has been prepared by Armstrong et 
al. [135–137] using a solution-based route coupled with ion exchange. When  
0 ≤ z ≤ 0.1, localized high spin Mn3+ induces a Jahn-Teller distortion resulting 
in a monoclinic structure (C2/m) with lower symmetry than rhombohedral 
structure (R3-m). By more substitution, for 0.1 ≤ z ≤ 0.5, the distortion is 
suppressed and a continuous range of solid solutions with rhombohedral 
symmetry exists. Substitution of as little as 10% of Mn by Co in m-LiMnO2, 
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increases the capacity up to 200 mAh⋅g-1. Higher Co contents show lower 
capacities but less capacity fading. However, similar to the case of m-LiMnO2, 
layered structure of LiNi1-zCozO2 converts to a spinel-like structure upon 
cycling. The rate of conversion depends on the cobalt content and is slower 
with increasing Co content.  
Nevertheless, the successful preparation of a thermodynamically stable layered 
material based on a LiCoO2-LiMnO2 solid solution has not been reported to 
our knowledge. Koyama et al. used first principle calculations to confirm the 
instability of layered LiNi1-zCozO2 with hexagonal symmetry for the entire 
range (0 ≤ z ≤ 1) [119]. The stoichiometric solid solutions between LiCoO2 and 
LiMnO2 show phase separation at processing temperatures commonly used for 
either end members. 
2.2.2.3 LiNiO2-LiMnO2 
Single phase layered LiNiyMn1-yO2, the solid solution of LiNiO2 and LiMnO2, 
can only be formed when y > 0.5. This was first investigated by Rossen and 
Dahn [138]. For y > 0.5, they successfully obtained LiNiyMn1-yO2 materials 
through solid-state reaction of rock salt MnO and NiO precursors. Spahr et al. 
[139] also reported the preparation of layered LiNiyMn1-yO2 (y > 0.5) by an 
oxidative co-precipitation process and calcination between 450 °C and 800 °C. 
However, their material showed poor capacity retention. Nevertheless, given 
the beneficial effect of manganese on cost reduction and improvement of 
thermal stability at the highly delithiated states, finding a promising 
composition and synthesis conditions for the optimized electrochemical 
performance was still an active research topic [140–142]. 
In 2001, Ohzuku et al. synthesized layered LiNi0.5Mn0.5O2 at 1000 °C from a 
co-precipitated process as a successful alternative to LiCoO2 [143]. Their 
material demonstrated a smooth sloping voltage profile and a promising 
capacity of about 150 mAh⋅g-1 [143] and 200  mAh⋅g-1 [144] with little 
capacity fading when charged to 4.3 and 4.5 V, respectively. After that, among 
other compositions in this series, LiNi0.5Mn0.5O2 was most widely investigated. 
LiNi0.5Mn0.5O2 with good electrochemical performance was also prepared by 
Dahn et al. at 900 °C in air and reported as a part of their works on  
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Li[NixLi(1/3-2x/3)Mn(2/3-x/3)]O2 system [145]. The improvement of 
electrochemical performance of LiNi0.5Mn0.5O2 relates to the calcination 
temperature of more than 800 °C during synthesis.  
Unlike LiNi1-yCoyO2 in which both transition metals are in +3 valence state, in 
LiNi0.5Mn0.5O2, charge separation between nickel and manganese forms Ni2+ 
and Mn4+, as suggested by Rossen and Dahn [138] and later confirmed by  
X-ray absorption spectroscopy [146] and first principle calculations [119, 147]. 
Mn in tetravalent ions improves the cycling stability of the layered structure 
oxides [148]. LiNi0.5Mn0.5O2 possesses the α-NaFeO2 type structure (space 
group: 𝑅3̅𝑚, 166) [145]. The presence of Ni2+ leads to around 10% anti-site 
mixing between Li+ and Ni2+ in LiNi0.5Mn0.5O2 [149, 150]. From magnetic 
measurements it is derived that 7% of the nickel occupies the (3a) Wyckoff 
position in Li sites, constituting a Ni2+(3a) defect [151]. To suppress cation 
mixing, Ceder's group prepared LiNi0.5Mn0.5O2 employing an ion-exchange 
method, which demonstrated an acceptable rate capability at higher C-rates 
[152].   
For the LiNiyMn1-yO2 system (y > 0.5), alternatively represented as  
LiNi3+1-2yNi2+yMn4+yO2, the anti-site mixing between Li+ and Ni2+ decreases 
from 10% to 3% as y changes from 0.5 to 0.1 [153, 154]. While Mn is 
tetravalent, the oxidation state of Ni changes from purely 3+ to purely 2+ as y 
increases from 0 to 0.5, to provide charge neutrality of the compound [153]. 
The capacity decreases as Mn is substituted for Ni. This behavior is attributed 
to the combined effects of cation mixing and the presence of inactive Mn4+ 
[138]. However, the capacity retention and thermal stability improves by 
increasing Mn content [154].  
2.2.3 LiNixMnyCo1−x−yO2 (NMC) 
Early studies on layered lithium mixed nickel manganese cobalt oxide 
(LiNixMnyCo1−x−yO2) focused on the Ni-rich composition (0.5 ≤ x ≤ 1) in the 
framework of substitution of Ni with both Mn and Co. Such substitution 
showed to be effective in reducing off-stoichiometry and cation mixing in 
LiNiO2 even if the calcination is performed in air instead of oxygen [155, 156].  
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Attempts to apply solid-solution approach to mix LiCoO2 with other 
compounds having the same crystal family of α-NaFeO2, led to the emergence 
of a layered lithium Ni–Mn–Co oxide LiNixMnyCo1−x−yO2 (NMC, aka NCM) 
in the early 2000s [157, 158]. NMCs are attractive active materials as they 
offer similar or higher achievable specific capacity, similar operating voltage, 
lower cost, and improved safety compared to the LiCoO2. The presence of Co 
reduces the degree of Li/Ni off-stoichiometry, though a Li/Ni site mixing of 
1%–6% is still observed [63, 159]. Mn in general improves the cyclability 
[143, 155–157] and thermal stability [157, 160].  
He et al. [32] used the triangular compositional phase diagram of LiCoO2-
LiNiO2-LiMnO2 from Ohzuku et al. [119] and marked the stability ranges of 
hexagonal structure by full lines while the dash lines show where immiscibility 
occurs, as shown in Figure 2.8. Moreover, Ni-rich layered NMC oxides are 
shown in this diagram. However, there are some ambiguities in this phase 
diagram; (i) no reference is mentioned regarding the oxidation state of 
transition metal oxides on the line between the center of triangle (NMC111 as 
will be described in next paragraph) and LNO, (ii) no reference is mentioned 
regarding solubility region for LCO-LMO mixture close to LCO corner (iii) 
the stability range of layered structure inside the triangle is not clearly 
discussed.   
The NMC compound with the composition LiNi1/3Mn1/3Co1/3O2 referred to as 
NMC111 (or sometimes NMC333) is the most common and already 
commercialized form of NMC. This compound was first synthesized by 
Ohzuku et al.  [158] by heating at 1000 °C in air and delivered capacity of 150 
mAh⋅g-1 and 200 mAh⋅g-1 when charged to 4.2 and 5 V vs. lithium, respectively 
[158]. Later on they modified the synthesis process containing a mixed 
hydroxide of TMs and achieved the same high capacity at the cut-off voltage 
of 4.6 V [160].  
Various synthesis routes such as solid-state [158], sol–gel [161, 162] and 
modified co-precipitation of mixed hydroxides [155, 160, 163] have been 
employed to improve the phase-purity and uniformity of the cation 
distribution. Currently, co-precipitation is the most common process for the 
synthesis of NMC in laboratory as well as industrial scales. Despite differences 
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between the products of different synthesis methods, NMC111 synthesized at 
temperatures around 900 °C has demonstrated best electrochemical 
performance [164]. This material has reversible capacity of 160 mAh⋅g-1 and 
200 mAh⋅g-1 when charged to 4.3 and 4.6 V vs. Li+/Li, respectively [158, 165–
168].  
 
Figure 2.8:  The compositional phase diagram of lithium-stoichiometric layered transition 
metal oxide [32]. 
First principles calculations indicated the presence of transition metal ordering 
in LiNi1/3Mn1/3Co1/3O2 [169]. However, experimental studies detected only a 
short-range ordering [170–172]. Cation mixing between Li and Ni is likely to 
occur but the degree of mixing in NMC111 is lower than in Ni-rich 
compositions [173]. The presence of Ni, Mn, and Co also suppresses 
lithium/vacancy ordering, leading to a smooth voltage curve. Similar to what 
described for LiNi0.5Mn0.5O2, the nominal valence states of transition metals in 
pristine LiNi1/3Mn1/3Co1/3O2 is +2, +3, and +4, for Ni, Co, and Mn, respectively 
[161, 169, 174]. However, Li et al. [175] showed that for LiNi1/3Mn1/3Co1/3O2 
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when annealed at 700 °C, about 30% of Mn is trivalent and therefore a 
deviation of stoichiometry for oxygen was considered.  
Computational (Density Functional Theory) studies [161], X-ray absorption 
spectroscopic (XAS) investigations [161, 172, 176–178] and magnetic 
measurements (Nuclear Magnetic Resonance [172], Superconducting 
Quantum Interference Device and Electron Paramagnetic Resonance [179] 
revealed that during intercalation/deintercalation of NMC111, Ni2+/Ni4+ is the 
main redox process while Mn4+ is electrochemically inactive [161, 172, 176–
179]. It is suggested that Co3+/Co4+ redox does not significantly contribute to 
the redox reaction. Instead near the end of charge (4.5 V vs Li+ /Li), charge 
compensation takes place on O [161, 169, 172, 180] resulting in oxygen release 
[178, 181]. Therefore, the optimum value for the cut-off voltage of NMC111 
is suggested as 4.3-4.4 V.  
However, moving toward lower costs by decreasing the Co content, 
LiNixMnxCo1-2xO2 compositions within a narrower range of 0.33 ≤ x  ≤ 0.5 
have been investigated comprehensively [182–184]. Among them,  
LiNi0.4 Mn0.4Co0.2O2 (NMC442) with high discharge capacity of 180 mAh⋅g-1 
showed the optimum electrochemical properties. In NMC442 at room 
temperature, transition metals are randomly distributed in the transition metal 
layer [185]. Katana Ngala et al. [182] found the optimum temperature for 
synthesis of NMC442 to be 800-900 °C. They performed XPS investigations 
and found out that the oxidation state of Mn and Ni are mainly +4 and +2, 
respectively. However, about 20% of Ni and Mn are in the 3+ oxidation state. 
In compositions such as NMC111 and NMC442, where Ni and Mn content are 
matched, only Ni and Co are electroactive and Mn in its +4 valence state 
remains inactive [161, 169]. Therefore, compositions with higher Ni content, 
e.g. LiNi0.5Mn0.3Co0.2O2 (NMC532), are found attractive for increasing the 
specific capacity. Therefore, there is a recent trend toward these compositions 
in the NMC research. Compositions containing 40% or more Ni in the 
transition metal layer are usually referred to as Ni-rich NMC [186]. In such 
oxides, because the Ni and Mn contents are not matched, charge neutrality is 
achieved by the partial oxidation of Ni2+ to Ni3+ [187, 188]. NMC532 is one of 
the most-studied compositions due to its high discharge capacity (214 mAh⋅g-
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1 and 175 mAh⋅g-1 when charged to 4.6 V and 4.3 V, respectively) and good 
rate capability [189].  
Increasing the nickel content in LiNixMnyCo1−x−yO2 to x = 0.6 – 0.8 can result 
in higher practical capacities at moderate operating voltages but may also 
decrease the thermal stability of charged NMC [190–194]. In addition, Ni-rich 
NMC face difficulties similar to LiNiO2 regarding off-stoichiometry during 
synthesis. In LiNi0.6Mn0.4-xCoxO2 compositions, an increase in cobalt content 
leads to a decrease in the tap-density of the powders and increase of discharge 
capacity and increase of capacity fading [195–197]. This behavior is attributed 
to the enhancement of the Ni3+/Ni2+ ratio. Among these compositions, 
LiNi0.6Mn0.2Co0.2O2 (NMC622) containing same Co and Mn content had the 
highest tap density [195] and exhibited the optimum combination of reversible 
capacity and capacity retention as well as minimum polarization [195–200]. It 
delivers an initial discharge capacity of 172 mAh⋅g-1 when charged to 4.3 V 
and more than 94% of the capacity is retained after 100 cycles [195].  
Increasing nickel content to higher values such as x = 0.7 [201–203] and  
x = 0.8 (like NMC811) [191, 204–207], if optimal synthesis conditions are 
satisfied, can result in high initial discharge capacities of about 180 and 190 
mAh⋅g-1 using an upper cutoff voltage of 4.3 V vs Li+/Li, respectively. Such 
NMC compositions can achieve capacities of more than 200 mAh⋅g-1 after 
charging to 4.5 V [208, 209].  The synthesis of Ni-rich NMCs is complicated 
and requires optimization of several variables including amount of excess 
lithium, annealing temperature, duration, and atmosphere that all influence 
morphology, stoichiometry and defect structure and consequently 
electrochemical performance [205, 210]. However, Ni-rich layered oxides 
such as NMC811 still suffer from long-term cycling and thermal instabilities 
[191, 207, 211–213]. 
Li2MnO3 stabilized LiMO2 (where M = Mn, Ni, Co) can deliver high capacities 
(> 200 mAh⋅g-1) when charged to high cut-off voltages (4.5 V) [214]. NMCs, 
blended with spinel oxides, are used commercially in electric vehicles such as 
the Nissan Leaf and Chevrolet Volt [215]. The two latter are out of the scope 
of the present work and will not be discussed further.  
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2.3 Phase transition upon cycling 
For lithium-ion batteries with high-energy densities, in addition to high 
operating voltage and large rechargeable capacity, high cyclability and rate-
capability are essential. Reversible capacity and cyclability depend on the 
structural stability of the host lattice in lithium insertion materials. In a stable 
electrode that realizes a lithium ion cell with long life (i.e. high cyclability), 
lattice strain or lattice volume change during lithium extraction/ insertion is 
ideally zero. When the changes in the lattice parameters during delithiation are 
considerable, the host structure undergoes a phase transformation which 
deteriorates its ability to reinsert lithium and leads to a lower cyclability. 
Cyclability generally depends on the cut-off voltage. Therefore, studying the 
delithiation/ lithiation reaction mechanism and the possible resulting phase 
transformations is of great importance.  
The shape of the equilibrium voltage curve vs. state of charge provides insight 
about the thermodynamic behavior of the electrode material based on the 
relation between voltage and lithium chemical potential as stated in Equation 
(1.1). High-slope parts of the voltage curve relate to single-phase solid 
solutions, while plateaus correspond to two-phase regions. A two-phase region 
is commonly due to a first-order phase transition, while continuous phase 
transitions can be identified at inflection points in the voltage curve with no 
region of two-phase coexistence. In practice, continuous transitions are often 
difficult to differentiate from weak first-order transitions. Figure 2.9 shows and 
compares the voltage curve for LiCoO2, LiNiO2 and NMC111. 
One interesting feature to notice in the interpretation of voltage curves in 
Figure 2.9 is the presence of a shift in voltage curves. In LNO (de)intercalation 
occurs at voltages about 0.2–0.3 V lower than those of LCO because nickel 
redox reactions involve eg orbitals rather than t2g orbitals [37]. Accordingly, 
charging to 4.2 V extracts 90% of the Li from LNO but only 50% of the Li 
from LCO.  
As can be seen in Figure 2.9, the voltage curve of LCO exhibits many bumps 
and kinks indicating numerous phase transitions during (de)intercalation. The 
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reaction mechanism of LixCoO2 upon Li deintercalation is intensively 
investigated by means of electrochemical studies, in situ and ex situ X-ray 
diffraction and can be summarized as follows: as Li is extracted from  
O3-LiCoO2, the material first undergoes a first-order transformation from an 
insulating phase to a metallic phase [53, 54] resulting in a large plateau in the 
voltage curve. The voltage curve after the plateau is somewhat steeper showing 
a single-phase region. However, two bumps exist within this single-phase 
region, near x = 0.5 that correspond continuous (or nearly continuous) order-
disorder phase transitions. These transformations are due to row ordering of 
Li+ ions, which reduces the symmetry from rhombohedral to monoclinic (M or 
O3') [47, 216].  
 
Figure 2.9:  Voltage curve of the first charge of different lithium layered oxides. The graph 
is taken from Ref. [37] which takes the experimental data of Ref. [89] for LiNiO2 
and Ref. [217] for LiCoO2.   
By further delithiation, the transformation to an intermediate phase, 
Li0.12CoO2, (H1-3) occurs [40, 42]. This phase is a hybrid host structure that 
contains both the O3 and O1 stacking sequences. A voltage plateau which 
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appears as a small step around x = 0.2 relates to the two-phase coexistence of 
the O3 and H1-3 solid solutions. Delithiation proceeds via a two-phase region 
of H1-3 and O1. Finally, a transformation of the O3 phase into the O1-LixCoO2 
phase happens at x ≈ 0.05 [64, 218].  
Abe and Koyama [219] have developed the thermodynamic description of the 
O3-LiCoO2–CoO2 system using the CALPHAD approach with the estimated 
heat capacity based on the Neumann–Kopp rule. Cheng et al. [220] remodeled 
the same system using experimental heat capacity of O3-LiCoO2 from Kawaji 
et al. [221], Emelina et al. [222], and Menetrier et al. [223]. Figure 2.10 
compares the phase diagram of the O3-LiCoO2-CoO2 pseudo-binary system at 
298 K based on the experimental studies [47, 64, 217, 224, 225], ab initio and 
Monte Carlo simulations [41, 226] and CALPHAD modeling [219, 220]. 
Although in experiments five phases including O3, O3(II), M or O3', H1-3 and 
O1 have been detected, both thermodynamic models consider the two O3 and 
O3(II) phases as the same O3 phase, due to lack of thermodynamic 
information. 
However, it should be noted that the Li content on the x-axis in Figure 2.10 
could be misleading because in each study, x is calculated from simple 
Coulomb counting (based on the passed current and mass of active material in 
electrode). This assumption can lead to systematic errors in estimating the state 
of charge because for example, a part of the cathode particles may not be 
electrically connected or there might be some uncertainty in the initial 
composition [47]. Radin et al. [37] has aligned the phase boundaries of 
LiCoO2-CoO2 pseudo-binary system with the features of the voltage curve of  
O3-LiCoO2 to resemble the connection between the shape of the voltage curve 
and intercalation thermodynamics.  
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Figure 2.10:  Phase diagram of the O3-LiCoO2-CoO2 pseudo-binary system at 298 K compar-
ing the experimental studies by Reimers and Dahn [47], Amatucci et al. [64], 
Tarascon et al. [225] Paulsen et al. [224] and Chen and Dahn [217],  
ab initio and Monte Carlo simulations by Van der Ven et al. [41] and Wolverton 
and Zunder [226] and CALPHAD modeling by Abe and Koyama [219] and 
Chang et al. [220]. The diagram is taken from Ref. [220]. 
LiNiO2 (LNO) also exhibits similar phase transitions upon delithiation that 
lead to plateaus and steps on the voltage curve, as can be seen in Figure 2.9. It 
is worth mentioning that the voltage curve of LNO in Figure 2.9 starts from x 
values less than one due to the presence of an inevitable off-stoichiometry in 
LNO. By deintercalation, O3 phase first goes through a first order phase 
transition to a monoclinic (M) phase, which is due to the Jahn–Teller effect of 
the Ni3+ ions and the ordering of Li ions [55, 56]. By further delithiation, 
another (first order) transition to a hexagonal phase and then a transition to the 
O1 phase takes place. The formation of the two-phase region of the hexagonal 
and O1 phase significantly changes the interlayer distance [57]. Chang et al. 
[58] used CALPHAD method and ab initio calculations for thermodynamic 
modeling of the LiNiO2–NiO2 pseudo binary system. The results of their 
calculations compared with the experimental studies [56, 84, 227–230] is 
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shown in Figure 2.11. The hexagonal phase termed as H3 in [84] corresponds 
to the  O1 phase. Since the monoclinic distortion is quite small [84], the M 
phase is treated as ordered O3 phase in Chang’s model. There are discrepancies 
between the structures reported by different researchers for the phase, which 
exists at x = 0.15‐0.35 range in LixNiO2. This structure is reported as a 
hexagonal phase with 𝑅3̅𝑚 space group and has been referred to as H2 [84, 
228], R2 [56] or O3 phase [37, 231]. However, in the assessment of Chang et 
al. this phase has been described as H1-3 to keep an analogy with the LiCoO2–
CoO2 system. It is important to notice that once a two-phase region consisting 
of the H1-3 and O1 coexists, as a result of a roughly 0.3 Å discontinuous gap 
in the interlayer distance between the two phases, the reversible lithium 
insertion/extraction into/from the structure becomes difficult, resulting in 
capacity loss [57, 95]. 
 
Figure 2.11:  Phase diagram of the LiNiO2-NiO2 pseudo-binary system at 298 K comparing  
the experimental studies by Ohzuku and Ueda [57], Li et al. [84], Arai et al. 
[228], Delmas et al. [56] , and CALPHAD modeling [58]. The diagram is taken 
from Ref. [58] in which monoclinic phase is modeled as O3 ordered phase.  
As can be seen in Figure 2.11, the phase boundaries and the state of charge 
corresponding to each phase transition vary among different studies. The 
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discrepancies between different experiments could be due to systematic errors 
in the calculation of state of charge, as described earlier for LCO. In addition, 
in Ni-based LiMO2 cathodes this could originate from differences in the used 
XRD technique. Yang et al. [232, 233] found that there is a lag in the state of 
charge between the features of the voltage curve and phase transitions detected 
by in-situ XRD. They concluded that if the XRD diffraction patterns are 
collected in the transmission mode, the structural changes related to the bulk 
are reflected.   
However, electrochemical information is related to structural changes on the 
surface. Yang et al. [232, 233] suggested using the XRD diffraction patterns in 
both transmission and reflection mode to solve this problem. Therefore, it 
seems reasonable to correlate the phase stability ranges to the features of 
voltage curve as suggested by Radin et al. [37] for both LCO and LNO. The 
pseudo-binary phase diagram of LCO and LNO by Radin et al. [37] is shown 
in Figure 2.12.  
 
Figure 2.12:  Relevant phase stability ranges shown on voltage curves of (a) the LiCoO2-CoO2 
[217] (b) the LiNiO2-NiO2 [89] pseudo-binary systems. Grey and white regions 
represent single phase and two-phase equilibria, respectively. Picture taken from 
Ref. [37]. 
In the binary or ternary solid solutions of LiNiO2-LiMnO2-LiCoO2 system, the 
phase transitions during lithium deintercalation becomes less complicated as 
the random distribution of transition metal cations on the transition metal layer 
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suppress the ordering between lithium vacancies and single transition metals. 
The redox potential of Co3+/4+ in the layered structure is similar to that of 
Ni3+/4+, leading to a continuous charge/discharge slope without any 
pronounced voltage plateaus, as can be seen in Figure 2.9 [127]. 
Phase transition upon delithiation in the Li(Ni,Co)O2 solid solution are 
investigated by studying the chemically delithiated [234, 235] or 
electrochemically delithiated samples [134]. Chemically delithiated 
LixNi0.85Co0.15O2 preserves the initial O3 structure over a wide region of 0.23 
≤ x ≤ 1. At x = 0.23, a second hexagonal phase with smaller lattice parameters 
is formed resulting in a two-phase region when x ≤ 0.23 [235]. Comparing the 
lattice parameters of the second hexagonal phase appeared at x = 0.23 with 
those of O1 phase in LiNiO2-NiO2 system [58], it seems that the new phase is 
of an O1 type and when x ≤ 0.23, O3 and O1 coexist. Delmas et al. investigated 
LixNi0.8Co0.2O2 upon electrochemical intercalation over the range of 0.4 ≤ x ≤ 
1 and found no phase transition during charge and discharge processes, but 
only a slight variation in cell parameters [134]. 
The structural phase transitions of LiNi0.5Mn0.5O2 during extraction and 
insertion of Li were extensively studied by many groups [149–151, 232, 236–
240]. Yang et al. [232] reported that , similar to LNO, LiNi0.5Mn0.5O2 
undergoes a phase transition from O3-LiNi0.5Mn0.5O2 to another O3 phase (H2) 
with shorter “a” axis and longer “c” axis which is reversible on cycling. 
However, contrary to the LiNiO2-NiO2 system where H3 phase forms above 
4.3 V, in LiNi0.5Mn0.5O2 by further delithiation to 4.6 V the formation of a third 
hexagonal phase (H3 or O1) does not occur. 
Arachi et al. observed a second order phase transition in Li1-xNi0.5Mn0.5O2 from 
O3 to monoclinic phase (C2/m) between x = 0.2 and 0.3 [149, 240]. For 0 ≤ x 
≤ 0.5, Li1-xNi0.5Mn0.5O2 can be represented as Li1-x(Ni2+0.5-xNi3+xMn4+0.5)O2, i.e. 
a valence state change of Ni ions from Ni2+ to Ni3+. Arachi et al. introduced a 
characteristics mechanism of lithium deintercalation for Li in Li1-xNi0.5Mn0.5O2 
which is different from LCO and LNO and involves migration of lithium ions 
from the octahedral 2a site to the tetrahedral 4i sites [239]. However, 
Manthiram et al. [150] reported that chemically delithiated LixNi0.5Mn0.5O2 
maintain the initial O3 structure for the full range of 0  ≤  x  ≤ 1. 
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Bréger et al. [237] used a combined experimental and first principle calculation 
approach and investigated the structural changes and the extraction of Li ions 
from different sites in LixNi0.5Mn0.5O2 which is charged to voltages above  
4.5 V. In later investigations by Yabuuchi et al. [236] and Li et al. [238] on the 
same material, it was found that by charging the Li / LiNi0.5Mn0.5O2 cells to 
voltages as high as 5.3 V, nearly all of the nickel ions migrate from the lithium 
layer to the transition metal layer and O3 phase (cubic-close-packed oxygen 
array) transforms to O1 structure (hexagonal-close-packed oxygen array). 
Although a part of the nickel returns to the lithium layer upon discharge, such 
a high voltage charging permanently reduces the interlayer mixing of lithium 
and nickel, increases the layered character of LixNi0.5Mn0.5O2 and improves its 
reversible capacities in the voltage range between 4.5 and 2.0 V.  
Li1-xNi1/3Mn1/3Co1/3O2 (NMC111) has also been studied for structural stability 
during lithium deintercalation. Studies performed by Yin et al. [241] on the 
chemically delithiated samples suggest that the initial O3 phase retains its 
original stacking with only ~1% volume change until about 0.7-0.75  Li per 
formula unit is extracted. Choi and Manthiram also reported that  
Li1-xCo1/3Ni1/3Mn1/3O2 is structurally stable for at least (1-x) > 0.23 by 
maintaining the parent O3 structure and chemically stable up to (1-x) = 0.35 
without tendency for oxygen release [242]. Further delithiation results in an 
irreversible transition to O1 phase (trigonal; P3̄m1) which exhibits a 5.3% 
decrease in c axis [241–243]. To prevent irreversible structural changes, an 
optimum cutoff voltage of 4.3-4.4 is suggested [241].  
Yabuuchi and Ohzuku [160] found around 1.9% increase in a axis and 1.4% 
decrease in c axis by electrochemical removing of up to 0.67 Li per formula 
unit of NMC111, resulting in an almost constant unit cell volume. Even beyond 
this level of delithiation, later ex-situ XRD and electrochemical investigations 
by Yabuuchi et al. [167] and neutron diffractions by Kim and Chung [176] 
found negligible volume changes during charge/discharge. They claimed that 
there is no evidence of formation of any phase with O1 stacking in the entire 
range of x in LixCo1/3Ni1/3Mn1/3O2 during electrochemical delithiation; instead, 
the reaction proceeds topotactically in the O3 phase over the entire range of x. 
Ohzuku et al. attributed the different behavior observed for the formation of 
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O1 phase during chemical and electrochemical delithiation to the oxidation 
method. The electrochemical oxidation in 1 M LiPF6 EC/DMC under a 
galvanostatic condition is milder than the chemical oxidation with NO2BF4 in 
acetonitrile [167].  
During the lithium deintercalation of NMC532, no formation of O1 phase was 
detected, although transformation to spinel and rock salt phase at high cut-off 
voltage (≈ 4.8 V) was observed on the surface of the NMC particles. The 
absence of O1 phase could be attributed to less sliding of the MO2 slabs due to 
higher degree of Li-Ni mixing [244]. The dQ/dV curve resulting from the 
galvanostatic cycling of NMC532 half cells (vs. Li anode) in the voltage 
window of 3.0 V and 4.6 V exhibits a couple redox peak at around 3.75 and 
3.72 V [245]. 
Shu et al. [186] studied the structural evolution in layered LiNi0.5Mn0.2Co0.3O2 
by in-situ XRD for two cut-off voltages of 4.3 V (0.606 Li per formula) and 
4.9 V (0.979 Li per formula). They found that the structural changes in the 
higher working potential region is more irreversible and electrochemical 
properties is poorer. This behavior is attributed to the formation of hexagonal 
phase H3 (equivalent to O1 phase) and electrolyte irreversible decomposition 
in high potential regions. Based on in-situ XRD results, H3 phase starts 
forming at around 4.7 V in the charge process corresponding to 0.681 Li per 
formula or a specific capacity of 188.2 mAh·g-1. This phase is considered to 
be the main “structure destroyer” resulting in poor cyclability and low 
reversible capacity.  
Structural changes of LixNi0.6Mn0.15Co0.25O2 during cycling (3–4.5 V vs. 
Li+/Li) investigated by in-situ synchrotron XRD also showed a solid-solution 
reaction with only 4% lattice volume change. No new H2 phase formation is 
detected in this potential region, contrary to  LiCoO2 and LiNiO2 [246]. In the 
differential capacity curves of LiNi0.6Mn0.4-xCoxO2 (x = 0.05–0.3, 2.8–4.5 V vs. 
Li+/Li), only one pair of redox peaks appeared in the voltage range of 3.7- 4.1 
V [195]. 
LixNi0.8Mn0.1Co0.1O2 (NMC811) cathode materials synthesized by solid-state 
reaction are studied using ex-situ structural studies including X-ray diffraction 
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and Raman scattering. It is found that the host layered structure is maintained 
during the electrochemical lithiation–delithiation processes in the 3–4.5 V 
range and only the lattice parameters change systematically [247]. However, 
Yang et al. [248, 249] reported that the destructive H2 to H3 phase transition 
occurs during the discharge of LiNi0.8Co0.1Mn0.1O2 at about 4.2V and showed 
that small amounts of Li2MnO3 can suppress the destructive phase transition. 
Noh et al. [250] investigated the fundamental electrochemical properties of 
different NMC compositions between 3.0 and 4.3 V at 0.1 C-rate in half cell 
configurations. The initial charge- discharge curves of  different NMC and 
corresponding differential curves are shown in Figure 2.13. As can be seen,  an 
increase of the Ni content resulted in a decrease in capacity retention. The 
differential curve of NMC 811 cell (Figure 2.13-f) showed four distinct redox 
peaks which are attributed to the multiphase transitions of hexagonal to 
monoclinic (H1 / M), monoclinic to hexagonal (M / H2), and hexagonal to 
hexagonal (H2 / H3) phases [250].  
Despite the profitable effects of solid solution approach for mixing of Ni, Mn 
and Co in NMCs, these compounds still suffer from irreversible phase 
transitions on the surface and mechanical degradations. Various techniques 
such as XAS [251], S/TEM [252] and X-ray photoelectron spectroscopy (XPS) 
[253] have been used to detect surface transitions to spinel and rock salt phases 
after electrochemical cycling. Mechanical degradation like micro cracks, 
similar to those found in the other layered oxides, has been observed in NMC 
materials using SEM and TEM [254]. Another degradation mechanism, the 
dissolution of transition-metal ions and their deposition on the anode has also 





Figure 2.13:  The graph retrieved from Ref. [250] showing (a) the initial charge- discharge 
curves of  NMC versus Li anode between 3.0 and 4.3 V at 0.1 C-rate and corre-
sponding differential curves versus voltage for (b) LiNi1/3Co1/3Mn1/3O2, 
(NMC111), (c) LiNi0.5Co0.2Mn0.3O2 (NMC532), (d) LiNi0.6Co0.2Mn0.2O2 
(NMC622), (e) LiNi0.7Co0.15Mn0.15O2 and (f) LiNi0.8Co0.1Mn0.1O2 (NMC811).  
2.4 Thermodynamic properties 
As described in Section 2.3, the lithiation/delithiation mechanisms in 
electrodes during electrochemical cycling of Li-ion batteries is generally 
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investigated using conventional physical-chemical techniques such as X-ray 
and neutron diffraction or physical spectrometry. However, it has been shown 
that thermodynamic studies can also be employed as a useful tool in the 
characterization of electrode materials and revealing useful information about 
the structural evolution in active materials [6].  
In spite of the relatively large amount of research performed on the 
electrochemistry of the LiNixMnyCo1−x−yO2 materials, there are limited data 
reported on the thermodynamic properties of selected layer-structured 
compositions in the LiNiO2– LiMnO2–LiCoO2 system. Thermodynamic data 
are important as an input for the thermodynamic modelling of the 
multicomponent systems. These data are correlated with the open circuit 
voltages, based on the Gibbs free energy descriptions of the assessed phases 
[255]. In addition, thermodynamic properties, such as the heat capacities of 
active materials are important input data for the modelling of the thermal 
behavior of lithium ion cells and batteries and the development of thermal 
management systems.  
Hertz et al. [256] determined the low temperature heat capacities of LixCoO2 
and its chemically delithiated compounds (x = 1.00, 0.78, 0.70, 0.62, 0.58, and 
0.51) from 2 to 15 K using a physical property measurement system (PPMS) 
from Quantum Design. The heat capacity of stoichiometric LiCoO2 in a wider 
range is measured by Kawaji et al. from 13 to 300 K using an adiabatic 
calorimetry [221] and by Menetrier et al. from 1.8 to 300 K using the relaxation 
method in a helium Quantum Design PPMS cryostat [223]. In addition, 
Miyoshi et al. used a similar method to measure the heat capacity of a single 
crystal Li0.66CoO2 from 100 to 200 K [257]. Emelina et al. [222] measured the 
heat capacity of both low- and high-temperature modifications of LiCoO2 
using differential scanning calorimetry from 140 to 570 K and from 180 to 570 
K, respectively. Gotcu-Freis et al. [258] also used differential scanning 
calorimetry with three different devices and continuous and step methods to 
conduct a more comprehensive measurement of the heat capacity of LiCoO2 
(commercial sample with Li0.977CoO2 composition) in a more extended 
temperature range of 160 to 953 K. In addition, the enthalpy increment of 
LiCoO2 was measured using transposed temperature drop calorimetry at  
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T = 974.15 K and showed good agreement with the enthalpy increment derived 
from heat capacity function. Lately, Jankovsky et al. [259] experimentally 
determined the heat capacity of stoichiometric LiCoO2 using PPMS from 2 to 
257 K and using the DSC with step method from 261 to 358 K. In the latter 
work, also the enthalpy increments of LiCoO2 from room temperature to final 
temperatures between 573 and 1273 K is measured using drop calorimetry 
which showed very good agreement with the results of Gotcu-Freis et al. [258].  
First principle calculations have been used to obtain the constant volume heat 
capacity of LiCoO2 from 0 to 340 K [260] and from 0 to 800 K [261]. Heat 
capacity of LiCoO2 is estimated and assessed in some works. To estimate the 
heat capacity of LiCoO2 based on heat capacity of binary oxides, Zhang et al. 
[262] assumed that LiCoO2 is an ideal solution between Li2O and Co2O3. The 
heat capacity of unstable Co2O3 is calculated from the available data for Co3O4 
and CoO. As described in Section 2.3, in the thermodynamic description of the 
O3-LiCoO2–CoO2 system developed by Abe and Koyama, the heat capacity of 
LiCoO2 is estimates by assuming the Neumann-Kopp rule based on the 
assessed heat capacities of Li, Co, and O2, while in the assessment of Chang et 
al. [220] experimental heat capacity of O3-LiCoO2 from Kawaji et al. [221], 
Emelina et al. [222], and Menetrier et al. [223] are used. Figure 2.14 retrieved 
from Ref. [258], outlines the thermal dependency of  heat capacity of LiCoO2 
determined through different experimental measurements by Kawaji et al. 
[221], Menetrier et al. [223], Emelina et al. [222], Gotcu-Freis et al. [258], and 
assessed heat capacites by Zhang et al. [262], Abe and Koyama [219] and 
Chang et al. [220]. 
Kawaji et al. measured the heat capacity of LiNiO2 (real stoichiometry of 
Li0.99Ni1.01O2) from 13 to 300 K using adiabatic calorimetry [263]. There is no 
experimental heat capacity data of LiNiO2 above room temperature. First 
principles calculations were used to calculate the constant volume heat 
capacities of LiNiO2 and LiMnO2 with monoclinic structures (C2/m space 
group) from 0 to 800 K [261].  
Although no experimental data are available for the delithiated phases, the 
enthalpies of formation for the ordered O3–LixNiO2 (0 < x < 1) phases relative 
to O3–NiO2 and O3–LiNiO2 have been obtained by ab initio calculations by 
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Ceder et al. [55]. Chang et al. used ab initio calculation [264] and CALPHAD 
modelling [58] to obtain enthalpy of formation at 0 K and 298 K, respectively 
for O3, H1-3 and O1 phases in the NiO2–LiNiO2 system [10]. In Chang’s 
model [58], the Gibbs free energy function of LiNiO2 was developed by the 
assessed Gibbs energies of the pure elements Li, Ni, and O2. However, an extra 
term was added that enabled fitting the calculated heat capacity of LiNiO2 at 
300 K to the measured data from Kawaji et al. [263]. 
 
Figure 2.14:  The graph retrieved from Ref. [258] summarizing the thermal dependence of  
heat capacity of LiCoO2 determined through different experimental measure-
ments by Kawaji et al. [221], Menetrier et al. [223], Emelina et al. [222], Gotcu-
Freis et al. [258], and assessed heat capacities by Zhang et al. [262], Abe and 
Koyama [219] and Chang et al. [220]. 
The temperature dependence of the heat capacity of LiNi0.5Mn0.5O2 was 
measured by Chernova et al. [265] using a Quantum Design PPMS system 
(Physical Property Measurement System) in temperature range from 300 to 2 
K and compared with the heat capacity data of isostructural compounds, 
LiCoO2 [221] and Li0.99Ni1.01O2 [263], as shown in Figure 2.15. In a work 
similar to Ref. [261] for LiCoO2, LiNiO2 and LiMnO2, constant volume heat 
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capacities for LiMn0.5Ni0.5O2 and LiCo0.5Ni0.5O2 chemistries from 0 to 800 K 
were also calculated [266].  
 
Figure 2.15:  The experimentally measured specific heats of LiNi0.5Mn0.5O2 by Chernova et 
al. [265] compared with those of isostructural compounds, LiCoO2 [221] and 
Li0.99Ni1.01O2 [273] by Kawaji et al. The graph is taken from Ref. [265].  
As shown in Figure 2.16, the heat capacity of Li2MnO3 was determined by 
Cupid et al. [267] using differential scanning calorimetry on three devices with 
the step method and the obtained specific heat capacity was compared with 
that estimated based on stoichiometric amounts of Li2O and MnO2 according 
to the Neumann-Kopp approximation.  
In an interlaboratory study comprising of five laboratories with different 
operators, and different employed methods, devices, temperature ranges, gas 
atmospheres and crucible materials, the heat capacity of a commercial 
NMC111 sample was determined using differential scanning calorimetry. The 
heat capacity of the NMC111 sample from 315 K to 1020 K is obtained based 
on evaluation of the data from each laboratory, with an expanded 
reproducibility uncertainty of less than 1.22%, as shown in Figure 2.17. The 
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heat capacity of the NMC sample with the composition of  
Li1.04Ni0.33Mn0.32Co0.31O2 was measured using the continuous method on two 
differential scanning calorimeters from 273 to 573 K in the framework of a 
transport properties study of cathode materials [268]. 
 
Figure 2.16:  Experimentally-determined heat capacity of Li2MnO3 by Cupid et al. [267] from 
323 to 673K using three different DSCs. The evaluated Maier-Kelley polyno-
mial description for heat capacity and the Neumann-Kopp estimated heat capac-
ity are shown as solid line dashed line, respectively. 
The enthalpy of formation of LiCoO2 and its chemically delithiated 
compounds at 298 K has been determined using high temperature oxide melt 
drop solution calorimetry by Wang et al. [269], Wang and Navrotsky [270] and 
Gotcu-Freis et al. [258]. Figure 2.18 taken from Wang et al. [269] summarizes 
the experimental values of enthalpies of formation from oxides as a function 
of x in LixCoO2 determined in the above-mentioned work. The enthalpy of 
formation for stoichiometric LiCoO2 is also determined by ab initio 
calculations by Ceder et al. [271] and Chang et al. [272] and assessed by 
CALPHAD method by Abe and Koyama [219] and Change et al. [220].  The 
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enthalpy of formation of LiNiO2 at 298 K has been determined by Wang and 
Navrotsky [7] using drop solution calorimetry.  
 
Figure 2.17:  Analytic function based on Shomate equation, expressing the heat capacity of 
the NMC 111 sample and fits to the measured data from all laboratories taken 
from Ref. [273]. Coefficients of the equation are as follows: A = 0.36069,  
B = -1.06982 × 104, C= 0.00291, D = -4.49104 × 10-6, E = 2.49066 × 10-9. 
 
Figure 2.18:  The enthalpy of formation from oxides and oxygen as a function of x in LixCoO2 
taken from Ref. [269]. The filled and open symbols represents samples prepared 
with NO2BF4 in acetonitrile medium and with acid delithiation, respectively. 
Line is the least-squares fit for the filled symbol data points.  
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The enthalpies of formation of LiNi1−xCoxO2 (x = 0, 0.25, 0.5, 0.75, 1) 
stoichiometries were determined by Wang and Navrotsky [270] using high 
temperature oxide melt drop solution calorimetry in molten 3Na2O∙4MoO3 and 
2PbO∙B2O3 solvents at 701 °C. The obtained values of enthalpies of formation 
from the oxides are shown in Figure 2.19. The determined enthalpies of 
formation from the elements are -678.2 ± 2.2 kJ·mol-1 and -593.0 ± 1.6  
kJ·mol-1 for LiCoO2 and LiNiO2, respectively. These results showed that 
LiCoO2 is significantly more stable than LiNiO2 and that both compounds form 
an almost ideal solid solution with a small positive enthalpy of mixing.  
 
Figure 2.19:  The enthalpies of formation of LiNi1−xCoxO2 in kJ·mol
-1 as a function of x for 
selected compositions (x = 0, 0.25, 0.5, 0.75, 1) determined by Wang and Nav-
rotsky [270] using high temperature oxide melt drop solution calorimetry in mol-
ten 3Na2O∙4MoO3 and 2PbO∙B2O3 solvents at 701 °C. Triangular and circular 
data points are related to lead borate calorimetry and sodium molybdate calorim-
etry, respectively.  
The enthalpy of formation of LiNi1/3Mn1/3Co1/3O2 was determined by Idemoto 
and Matsui [274] using acid solution calorimetry as -649.74 ± 2.05 kJ·mol-1, 
showing a more positive value than that of LiCoO2. This result [274] would 
suggest reduction in stability and electrochemical performance due to partial 
substitution of Co with Mn and Ni. However, this observation is in contrast 
with the works from Reed and Ceder [147], Ammundsen and Paulsen [148], 
Makimura and Ohzuku [57, 144, 216] and Martha et al. [275] and who all 
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indicated improved structural stability and capacity retention of the NMC 
electrodes comparing LiCoO2. Hence, the enthalpy of formation data obtained 
by Idemoto and Matsui [274] needs to be revisited. 
The enthalpy of formation of Li2MnO3 was measured by Cupid et al. [267] 
using high temperature oxide solution calorimetry in molten 3Na2O∙4MoO3. 
The enthalpy of formation of this compound per one mole of total atoms is 
compared in Figure 2.20 with the same experimentally determined parameter 
for other LiMO2 compounds, including LiCoO2, LiNiO2, and the LiNi1−xCoxO2 
solid solutions by Wang and Navrotsky [270], orthorhombic and monoclinic 
LiMnO2 by Wang and Navrotsky [105], and Li1+xMn2-xO4 spinels by Wang and 
Navrotsky [276]  and by Cupid et al. [277]. The results shows the Li2MnO3 has 
the lowest enthalpy of formation comparing investigated layered and spinel 
compounds, indicating its higher thermodynamic stability.  
 
Figure 2.20:  Enthalpy of formation from the elements per mole of atoms vs. average oxida-
tion state of the transition metal cation for Li2MnO3 [267], LiCoO2, LiNiO2, and 
the LiNi1−xCoxO2 solid solutions [270], and Li1+xMn2-xO4 spinels [277] (filled 
squares) and [276] (open squares), and orthorhombic and monoclinic LiMnO2 
[105]. The graph is taken from Ref. [267].  
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Measurements of the temperature dependence of open circuit voltage (OCV) 
or entropy term or potentiometric measurements has been used by Bach et al. 
[278] and Yazami’s group [279, 280] to correlate the evolved ΔS function with 
the structural changes in the active materials during charge and discharge and 
get a better understanding of the electrochemical behavior of lithium transition 
metal oxides. Yazami [279] has developed an electrochemical thermodynamic 
measurement system (ETMS) to measure the temperature dependence of the 
open circuit voltage of lithium ion batteries at different state of charges. Using 
this measurement system, Yazami [279] and Reynier et al. [280] determined 
the entropy changes of the lithiation reaction of LixCoO2 for 0.5 < x ≤ 1.0, as 
shown in Figure 2.21.  
 
Figure 2.21:  Entropy changes of the reaction of lithiation of LiCO2 as a function of lithium 
concentration (x). The graph is retrieved from Ref. [279]. 
In this graph, six areas can be recognized. While sharp decreases and increases 
in the ΔS(x) function show phase transitions boundaries, uniform changes 
indicate solid-solution behavior. A plateau-shape entropy change is attributed 
to a two-phase region. As a conclusion, their studies show that entropy 
measurements enable higher accuracy in definition of transition boundaries 
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comparing in situ techniques such as XRD and X-ray absorption spectrometry, 
due to quasi-equilibrium condition of these thermodynamic measurements. 
Entropy studies are even more sensitive to phase transitions than OCV 
measurements. Lepple [281] performed similar measurement on LiCoO2 with 
similar cell chemistry and configuration, yet using a sensitive temperature 
chamber to change the temperature of the cell and a high accuracy 
electrochemical cycler to read the OCV. The results of Lepple [281] has quite 
good agreement with those of Reynier et al. [280]. 
To the best of my knowledge, the entropy measurements on NMC compounds 
using the potentiometric method have been reported only by Viswanathan et 
al. [282], Williford et al. [283] and Eddahech et al. [284]. In addition a new 
method was developed by Schmidt et al. [285]. Though, they utilized the 
results mainly for developing a thermal model to predict the heat generation in 
LIBs during cycling and not much attention is paid to the interpretation of 
entropy profile. Besides, in these reports it is not stated which composition of 




3 General Experimental 
Techniques 
3.1 Synthesis method: Sol-Gel 
Lithium mixed transition metal oxides were traditionally synthesized using the 
conventional solid-state method. This includes thoroughly mixing lithium salts 
such as lithium hydroxide, lithium carbonate or lithium nitrate with oxides, 
hydroxides or carbonates of the respective transition metals, pelletizing and 
firing the pellet at higher temperatures. However, this method usually requires 
several cycles of intermittent grinding, re-pelletizing and heating for a 
relatively long calcination time to ensure a complete reaction and a 
homogenous product. In addition, the final product usually has large grain size 
with a wide-ranging size distribution. Electrochemical studies have shown that 
a smaller particle size of active material in cathode greatly improves the 
capacity, reversibility, and polarization [286]. 
Solution-based methods, also referred to as wet chemistry or soft chemistry 
(“chemie doux” in French) routes, offer the advantages of homogenous mixing 
of the starting materials at the atomic or molecular level, shorter heating times, 
lower synthesis temperatures, uniform particle distributions, better 
crystallinity and smaller particle size at submicron level of the final powder 
product in comparison to solid state reactions [287–289]. Sol-gel is one of the 
most popular and commonly used solution techniques in the laboratory scale 
since it does not require specific reactors as in the case of coprecipitation 
method. Sol-gel relies on hydroxylation and condensation of molecular 
precursors and obtaining a metal oxide network [290]. The main steps of the 
method [287] can be summarized as shown in Figure 3.1. 
In the sol-gel process, a gel, which is a viscous three-dimensional polymeric 
network, is formed upon gentle heating of a sol, which is a suspension of small 
particles dispersed in a liquid phase. The gel is then dried to obtain the 
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precursor for further heat treatments. In acid-assisted sol-gel process, in 
general a carboxylic acid serves as the chelating agent.  
 
 
Figure 3.1:  The main steps of the sol-gel method [287]. 
Sol-gel method has shown great improvement in the preparation of cathode 
active materials such as LiMn2O4 [291], LiCoO2 , LiNiO2, LiNi0.8Co0.2O2 [83] 
and different NMC compositions. Lee et al. [292] successfully used acetates 
as lithium and transition metal salts and adipic acid as chelating agent in their 
sol-gel process to prepare LiMn2O4. The mechanism of gel formation is 
described as a chemical bonding between carboxylic group in the adipic acid 
and the metal ions so that they become extremely viscous gelled polymeric 
resins [292].  
In the present work, the sol-gel method similar to the work of Lee et al. [292] 
and Cupid et al. [293] using metal acetates and adipic acid as the chelating 
agent was used to synthesize the investigated self-made samples.  
In our preparation method, first the required amounts of Li(CH3COO)·2H2O, 
Mn(CH3COO)2·4H2O, Ni(CH3COO)2·4H2O and Co(CH3COO)2·4H2O, and 
adipic acid (CH2)4(COOH)2 were dissolved in distilled water. The amounts of 
the metal acetate were chosen based on the final stoichiometries of the NMC 
compounds, whereas the amount of adipic acid was selected to yield an acid to 
total metal ion ratio of 1:1. The origin and purities of the starting chemicals are 
listed in Table 3.1 
precursor  hydrolysis   reactive monomer  
 sol gelation  condensation gel 
further treatment 
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Table 3.1:  Details of the raw materials used in the sol-gel process. 




Lithium acetate  
di-hydrate  
Li(CH3COO)·2H2O Alfa Aesar ≥ 99.9% 
Manganese (II) acetate 
tetrahydrate  
Mn(CH3COO)2·4H2O Merck KGaA ≥ 99.0% 
Nickel acetate  
tetrahydrate 
Ni(CH3COO)2·4H2O Sigma-Aldrich ≥ 99.0% 
Cobalt acetate  
tetrahydrate  
Co(CH3COO)2·4H2O Merck KGaA  ≥ 99.0% 
Adipic acid C6H10O4 Merck Schu-
chardt OHG 
≥ 99% 
a Purity expressed in mole fraction 
 
The pH value of the resulting solution at room temperature was adjusted to 
approximately 6.5 by dropwise addition of ammonium hydroxide. The solution 
was kept at 80-90 °C under constant stirring for 5-6 hours to obtain a viscous 
gel. The gel was dried in a vacuum drying oven (Thermo Scientific, Heraeus) 
at 120 °C for 1 day and then ground using an agate mortar. Afterwards, the 
ground precursor was placed in an alumina crucible with silica lining and pre-
calcinated at 500 °C for 10 hours in air using a box furnace (Nabertherm P330, 
Germany). Such a heat treatment with a heating rate of 2 °C/min from room 
temperature to 500 °C serves to remove the organic content. The obtained 
powder was then ground and placed in a pure alumina crucible for final 
calcination. The final calcination temperature was chosen between 700 and 
1000 °C, depending on the respective NMC composition. Unless stated 
otherwise, all samples used in this study are heat treated at only one optimum 
final temperature to achieve pure single-phase material. In some cases, 
different final calcination temperatures are tried for the sample to study the 
effect of heat treatment condition on the properties of the NMC material. In all 
cases, the samples were heated for 15 hours at the final temperature and then 
quenched in air by removing from the hot furnace.  
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In the present work, two series of NMC samples are produced including 
LiNixMnxCo1-2xO2 with equimolar amounts of Mn and Ni cations and  
LiNi0.8-yMnyCo0.2O2 with constant Co mole amount while altering Ni and Mn 
amounts. The LiNixMnxCo1-2xO2 samples, and the LiNi0.8-yMnyCo0.2O2 samples 
with y = 0, 0.1, 0.2, 0.3 and 0.4 were synthesized by the sol-gel method using 
metal acetates and adipic acid, as described above. For convenience, a common 
abbreviation convention is employed here to express the composition of 
samples. In this way, each composition is shown in an “NMCxyz” form, where 
the ratio of Ni, Mn and Co in the NMC compound is x:y:z and x, y and z are 
smallest whole numbers. For examples, LiNi0.6Mn0.2Co0.2O2 and 
LiNi0.5Mn0.5O2 are labeled as NMC622 and NMC110, respectively. In Figure 
3.2 the experimentally investigated compositions are shown on the Gibbs 
triangle by red squares and blue circles for the first and second series, 
respectively. The sample with x = 1/3 and samples with y = 0.2, 0.3 and 0.4 
correspond to the commercially-important compositions NMC111, NMC622, 
NMC532 and NMC442, respectively.  
 
Figure 3.2:  Compositional Gibbs triangle for the LiNiO2-LiMnO2-LiCoO2 (NMC) system 
showing the LiNixMnxCo1-2xO2 series (red squares) and the LiNi0.8-yMnyCo0.2O2 
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In the LiNixMnxCo1-2xO2 sample series, that were prepared and studied firstly, 
lithium acetate was added to the initial mixture in a stoichiometric ratio. 
However, as some deviation from the stoichiometric lithium were observed 
after final calcination and because of the importance of excess lithium for the 
preparation of stoichiometric LiNiO2 [294, 295] for the preparation of the  
Ni-rich NMCs (second series), 3 mol% of excess lithium was added to the 
initial sol-gel ingredients. The use of excess lithium compensated for lithium 
loss during preparation and heat treatment processes [209]. The reason of 
lithium loss is still subject of debate. Some researchers believe that there is a 
lithium loss at higher temperatures because of volatilization of Li salts [296].  
3.2 Materials characterization  
In the following, the methods used for the characterization of the studied 
material in the present work are generally described. Specific parameters and 
test programs corresponding to different chapters are declared in the same 
chapter.  
3.2.1 Inductive coupled plasma - optical 
emission spectrometry (ICP-OES) 
The Li, Ni, Mn, and Co contents in the LiNixMnyCo1−x−yO2 samples after the 
final calcination were accurately determined by inductively coupled optical 
emission spectroscopy (ICP-OES). For the preparation of the solution, about 
50 mg (triplicate, weighing accuracy ± 0.05 mg) of the powder sample were 
dissolved in 6 mL hydrochloric acid and 2 mL nitric acid at T = 80 °C for 4 h 
in Teflon container with closed lid and heated in a graphite furnace. An iCAP 
7600 Duo from Thermo Fisher Scientific with an echelle spectrometer 
equipped with segmented-array charge-coupled detector was used for the ICP-
OES measurements. This allowed for the measurement of the different 
emission lines of analytic and internal standards simultaneously. For each 
sample, three solutions are made and the measurements are repeated three 
Materials characterization 
60 
times. The analysis of the main components was accomplished with four 
different calibration solutions and two internal standards (Na, Sc).  
3.2.2 Carrier gas hot extraction (CGHE) 
The oxygen content of the LiMO2 sample is analyzed by the method of carrier 
gas hot extraction (CGHE) using a commercial oxygen/nitrogen analyzer 
TC600 (LECO). The oxygen concentration is calibrated with the certified 
standard steel powder JK 47. The calibration is verified with Mn3O4, NiO and 
Co3O4. The calibration range was close to the concentration of the samples. 
The weight of the standards and the samples were in the range of 2 to 100 mg 
(weighing accuracy ± 0.05 mg). Samples are weighed in Sn crucibles (9-
10 mm) together with a Sn pellet (about 200 mg) and wrapped. The wrapped 
samples are put into a Ni crucible and are loaded in an outgassed (5500 W) 
high temperature graphite crucible. The measurements take place at 5000 W. 
The evolving gases, CO2 and CO, were swept out by helium as an inert carrier 
gas and measured by infrared detectors. 
3.2.3 Carbon analysis 
The carbon content is analyzed with the CS600 (LECO), calibrated with at 
least three different iron certified standards, and verified with another iron 
standard. The calibration range was close to the concentration of the samples. 
The standard and the samples were weighed in a range of 5-100 mg (weighing 
accuracy ± 0.05 mg) in baked out ceramic crucibles. About 1 g of accelerator 
material (W with Sn) is added to the sample and the standard. After loading 
into the furnace, the sample is purged with oxygen to remove the residual 
atmosphere gas. The combustion took place at about 2200 K while all material 
is oxidized. The carbon reacts with oxygen to CO or CO2. CO is converted to 
CO2 and then the gas is detected in the infrared cells. 
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3.2.4 Redox titration 
The average oxidation state (AOS) of the transition metal ions (M) in the 
LiMO2 (M = Mn, Ni, Co) samples is determined by redox titration [297, 298]. 
In this method, the sample reacts with a known excess amount of sodium 
oxalate and the unreacted sodium oxalate is titrated with potassium 
permanganate. The detailed procedure is as follows. About 20 mg of the 
Li[M]O2 sample is mixed with 20 mL of 4 N (2 M) H2SO4 (reagent grade, 95-
97 wt%, Sigma-Aldrich) and 20 mL of 0.05 N (0.025 M) Na2C2O4 (≥ 99.99% 
trace metals basis, Sigma Aldrich, dried overnight before the preparation of the 
solution) in a Teflon container with lead and heated in a graphite furnace set at 
70 °C for around 4 hours, until the powder sample is completely dissolved. For 
each sample, three independent sample measurements are performed. Blind 
samples are prepared by mixing 20 mL of 4 N (2 M) H2SO4 and 20 mL of 0.05 
N (0.025 M) Na2C2O4 and are heated in the same way as samples. The blind 
samples serve as samples for determination of titration factor as described 
further below.  
During the process of heating the sample in sodium oxalate solution, all M (2+ɛ)+ 
cations are reduced to M2+ (e.g., Mn2+, Co2+, Ni2+) according to the reaction 
given below: 
ɛC2O4
2− + 2M(2+ɛ)+   → 2M2+ + 2ɛCO2    (3.1) 
The unreacted C2O42- in the solution is then determined by titrating the warm 
solution with a 0.1, 0.05 or 0.025 N KMnO4 solution. Potassium permanganate 
with different concentrations is tested on the standard sample to find the 
optimum concentration considering the accuracy of the burette used for 
titration. The burette is a 50 ml / 0.1 with ± 0.05 ml accuracy at 20 °C. The 
warm solution resulted from the dissolving of the sample is transferred to a  
100 ml beaker and stirred using a magnet stirrer during titration with potassium 
permanganate. At the end point of the titration, the solution turns from 
colorless into a very light pink color. During this process, the following 
reaction occurs: 
5(C2O4)
2− + 2M7+   → 2M2+ + 10CO2    (3.2) 
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The volume of the unreacted Na2C2O4 can be calculated using the following 
equation:  
2(𝐶 · 𝑉)Na2C2O4 = 5(𝐶 · 𝑉)KMnO4  or  (𝑁 · 𝑉)Na2C2O4 = (𝑁 · 𝑉)KMnO4   (3.3) 
where C is the molarity of the solution and N is the normality of the solution. 
For blind sample, the volume of the unreacted sodium oxalate is known which 
is equal to the initially added sodium oxalate, i.e. 20 ml. Therefore, 
theoretically 10 ml potassium permanganate (or 40 ml for diluted potassium 
permanganate) is required to titrate the blind sample. However, in practice, the 
obtained value might be slightly different. The ratio of the theoretical volume 
to the used volume of titrant is referred to as the titration factor.  
In titration of the samples, the volume of unreacted Na2C2O4 (𝑉Na2C2O4 ) is 
calculated from the volume of consumed KMnO4, considering the volume 
required for titrating blind sample. The consumed volume of sodium oxalate is 
then: 
𝑉Na2C2O4 = 𝑁KMnO4 ·
(𝑉2−𝑉1)KMnO4 
𝑁Na2C2O4 
   (3.4) 
where 
V1 = volume of KMnO4 solution (ml) consumed by 20 ml of 0.05 N Na2C2O4. 
V2 = volume of KMnO4 solution (ml) consumed by 20 ml of 0.05 N Na2C2O4 
in presence of a known weight of the sample.  
The reduction reaction of all M(2+ɛ)+ to M2+ (Equation (3.1)) can be written as 
follows: 
ɛ · molM(2+ɛ)+ = 2(𝐶 · 𝑉)Na2C2O4     (3.5) 





     (3.6) 
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where FW is the formula weight of the sample (g·mol-1). From the value of ɛ, 
the average oxidation state of the transition metal ions and hence the oxygen 
content of the sample was determined from the charge neutrality principle. 
3.2.5 Powder X-ray diffraction (PXRD) 
Phase identification is realized and precise lattice parameters are obtained by 
powder X-ray diffraction (PXRD). The PXRD measurements are performed 
using a D8 Advance flat-plate Bragg-Brentano diffractometer of pseudo-
focusing geometry (Bruker-AXS GmbH, Karlsruhe, Germany) with CuKα 
radiation. The data are recorded with a LynxEye silicon strip detector in the 
angle range of 10 < 2θ < 110 with a step size increment of 0.02 and a collection 
time of 6 s per step. The respective samples are ground to a fine powder using 
an agate mortar and fixed on a low-background sample holder made from Si 
wafer (Bruker, Germany) with the help of a very thin layer of Vaseline. The 
samples were rotated during the XRD measurements.  
3.2.6 Rietveld refinement 
The powder XRD patterns were analyzed by Rietveld refinements [299, 300]. 
Structure-related, profile-related and instrument-related parameters were used 
for peak profile modelling. Refinements of the collected data sets were done 
with TOPAS 4.2 software (Bruker, Germany). TOPAS [301] is a graphics-
based profile analysis program built around a general nonlinear least square 
fitting system written specifically to integrate various types of powder 
diffraction and single crystal analyses.  
3.2.7 Scanning electron microscopy  
Scanning electron microscopy (SEM) in the present work is carried out by Mr. 
Udo Geckle from IAM-ESS. SEM is performed using a Zeiss Merlin (Carl 
Zeiss SMT AG, Oberkochen) scanning electron microscope equipped with a 
Schottky field emission source. The SEM delivers primary electron beam 
width energies in the range of 0.02-30 keV. The interaction of primary electron 
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beam with the electrons of the sample produces a large number of 
backscattered electrons (BSE) when elastically scattered as well as secondary 
electrons (SE) and characteristic X-rays when inelastically scattered. For SEM 
images, the SE and BSE are detected with a SE detector and an energy selective 
backscattered (ESB) detector, respectively. Details and benefits of the ESB 
technique, e.g. for characterizing the binder and carbon black, are explained in 
Ref. [302]. For the topographical contrast in electron micrographs secondary 
electrons were used as they are generated only in near surface regions  
(≤ 50 nm). The backscattered electrons reveal the chemical contrast in the 
images. This is due to the fact that the backscattering coefficient depends on 
the atomic number (Z), i.e. the backscattering coefficient increases with the 
increase of the atomic number. Therefore, the brighter regions displayed in the 
BSE images correspond to the species with higher Z elements [303]. 
3.2.8 X‐ray photoelectron spectroscopy (XPS) 
X‐ray photoelectron spectroscopy measurements on powder NMC samples as 
well as pristine and charged electrodes were performed and evaluated by Ms. 
Raheleh Azmi from IAM-ESS of KIT. The results of these spectropic studies 
is partly published in a journal paper by Azmi et al. [304]. The measurements 
are carried out using a K‐Alpha+ instrument (Thermo Fisher Scientific, East 
Grinstead, UK), applying a micro‐focused, monochromated Al Kα X‐ray 
source with 400 μm spot size. To prevent the buildup of any localized charge, 
the K‐Alpha+ charge compensation system was employed using electrons of  
8 eV energy and low‐energy argon ions. Data acquisition and processing using 
the Thermo Avantage software were performed by fitting the spectra with one 
or more Voigt profiles according to [305]. Full details of the spectroscopy and 
evaluation method can be found in [304]. 
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3.3 Thermal analysis 
3.3.1 Simultaneous thermal analysis  
Using simultaneous differential thermal analysis / thermogravimetry analysis 
(DTA / TG), the calorific effects and the mass changes of the sample during a 
controlled temperature program in a specific atmosphere are measured at the 
same time as a function of time and temperature [306]. For this purpose, a 
temperature program is given to the furnace, in which the sample and a 
reference material are placed in respective inert crucibles. In DTA mode, the 
temperature difference between the sample and a reference material (ΔT) is 
measured by thermocouples connected to the reference and the sample 
crucibles and recorded as an electric voltage. If the sample goes through a 
reaction, the temperature difference changes and this is reflected as an 
exothermic or endothermic peak in the DTA signal [307]. In TG mode, the 
changes in the mass of the sample and temperature are measured as a function 
of time by means of a thermo-balance. The advantage of simultaneous DTA / 
TG is that the observed mass changes of the sample can be correlated to the 
respective exothermic or endothermic peaks on DTA signals. To distinguish 
between the reactions involving mass changes and the reactions, which do not 
include a mass change, one can compare the DTA signal with the first 
derivation of TG with respect to time. The latter shows peaks only where a 
reaction with mass changes occurs, while the former has peaks where both 
types of reactions take place [306–308]. 
Simultaneous DTA / TG in the present work is carried out using SetSys 
Evolution 2400 from Setaram (Setaram, Cailure, France) [309]. In SetSys 
Evolution 2400 a symmetrical and hang-down electro-balance is designed for 
TGA application which enables the measurement of mass changes up to a  
0.03 μg resolution. In this device, the crucibles are of freestanding type and the 
outer bottom of the crucibles is placed on the protective tube of the 
thermocouples. The furnace is a graphite furnace. In the measurements head 
of the device, thermocouples of type S are implemented to enable acceptable 
accuracy of measurements at lower temperatures. The device is equipped with 
Thermal analysis 
66 
active cooling using flowing water. On this device it is possible to apply either 
Ar or Ar / 20 vol. % O2 flowing gases during the experiments as the purge gas 
which enables the DTA / TG measurements under different atmospheres.  
It is known that the changes of the density of the working gas by temperature 
lead to the Buoyancy force resulting in apparent mass changes. To compensate 
the Buoyancy effect, it is necessary to measure a blank experiment to make a 
baseline before the measurement of each sample. To run a baseline, the same 
temperature program and gas conditions as of the desired sample measurement 
are applied to empty reference and sample crucibles. Then for the processing 
of the measurement data, the respective signals of the baseline measurement 
are subtracted from the signals of sample measurements. The CALISTO 
software presented by Setaram is used for acquisition and processing of the 
measured data. 
DSC / DTA devices are not absolute measuring instruments as they measure 
heat and heat flow rates dynamically and not at a thermal equilibrium 
condition. Therefore, it is necessary to convert the relative measured values to 
absolute values by using a suitable calibration procedure. By definition, 
calibration is establishing a quantitative relationship between the measured 
value of a quantity by an instrument and the true value of the respective 
quantity [310]. In a DTA / TG device, the heating rate affects the measured 
temperature during dynamic heating/cooling steps. Besides, as we measure the 
sample inside a crucible connected to the thermocouples, the heat transfer 
between the sample and the crucible and between the crucible and the 
thermocouples causes a deviation from the real temperature.  
To calibrate the temperature of our DTA / TG device, the recommendations by 
GEFTA (Gesellschaft für thermische Analyse e.V) [310] and IUPAC 
(International Union of Pure and Applied Chemistry) [311] are employed. The 
calibration reference materials from Netzsch are used with the following 
materials and purities: Al (99.999 %), Au (99.999 %) and Ag (99.99 %). The 
calibration measurements are performed using alumina crucibles and argon 
atmosphere (99.999% purity) with 20 ml/h flowing rate, similar to the desired 
measurements. The temperature program includes four consecutive heating 
and cooling cycles with a heating and cooling rate of 10 K·min-1. The Al, Ag 
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and Au samples are heated up to 710 °C, 1000 °C and 1100 °C, respectively, 
during the heating cycles and cooled down to 580 °C, 870 °C and 870 °C, 
during the cooling cycles, respectively. In the last cooling round, the samples 
are cooled down to room temperature.  
For the evaluation of the calibration results, the true melting temperature of the 
calibration reference material are taken from ITS-90 (The International 
Temperature Scale of 1990) [312]. The measured melting temperature 
corresponding to the onset temperature of the endothermic peak appears on the 
baseline-subtracted DTA signal of the respective heating cycle. According to 
NIST Recommended Practice Guide,  DTA and Heat-flux DSC Measurements 
of Alloy Melting and Freezing [313], the onset temperature is the beginning of 
the deviation from the baseline.  
The onset temperature as defined here can be read in two ways using the 
evaluation tools of Calisto program (Setaram, France); once by drawing the 
baseline of the heat flow signal in the peak range and read the first point where 
the signal deviates from the baseline. The second way is using the first 
derivative of heat flow signal then reading the first point where the curve 
deviates from zero. In our measurements, the first method resulted in melting 
temperatures closer to the literature data and therefore, this method is used for 
any onset temperature determination. The results including the true melting 
point from the literature (Tm) and the onset temperatures of the melting peaks 
of second, third and fourth heating cycles for each reference material are listed 
in Table 3.2. The first heating round is not considered in the evaluation. 
Table 3.2:  Melting temperatures of the calibration material used for the temperature calibration 
of the DTA / TG device, temperatures from the literature [312] and three time meas-
urements are listed.  
Calibration material Tm (°C) [312] T2 (°C) T3 (°C) T4 (°C) 
Al 660.323 656.3 656.2 656.6 
Ag 961.78 958.3 958.0 958.1 




To construct the calibration equation, the temperature difference between the 
real melting point from the literature and the measured melting temperatures  
(∆𝑇𝑖) is plotted versus true melting temperature as shown in Figure 3.3, where 
T is in °C.  
∆𝑇𝑖 = 𝑇𝑚 − 𝑇𝑖    (3.7) 
The data points of Figure 3.3 are fitted to a second order polynomial with the 
following formula using Origin program by the least squares method with the 
R-square value of 0.617:  
∆𝑇(𝑇) = (5.29 ± 2.76) − (0.00268 ± 0.00676) ∙ 𝑇 + (9.9 ± 4.0)10−7 ∙ 𝑇2    
(3.8)    
 
Figure 3.3:  The difference between measured and true melting temperature of the calibration 
materials vs. true melting temperatures used for the temperature calibration of 
the DTA / TG device for a heating rate of 10 K·min-1. The equation of the  
polynomial fit is presented in Equation (3.8). 
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The latter relation can be used to convert each measured temperature to the real 
value as given by:  
𝑇𝑟𝑒𝑎𝑙 = 𝑇𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑 + ∆𝑇        (3.9)   
3.4 Calorimetry 
Accurate thermodynamic data for oxide materials can be obtained by several 
methods, i.e. by measurement of oxidation-reduction equilibria using either 
gas mixture or electrochemical cells and also by direct calorimetry [314].  
Calorimetry is the measurement of the thermal effects. A calorimeter is a 
container in which the investigated thermal phenomena takes place. The 
calorimeter is wrapped in an external jacket. Depending on the magnitude of 
the thermal conductivity (λ) of the medium of the external jacket, calorimeters 
are classified as (i) adiabatic calorimeter, when λ = 0 and there is no heat 
exchange with the environment (ii) isothermal calorimeter when λ is very large 
and all the heat produced in the calorimeter container is rapidly transferred to 
the outer jacket (iii) Tian-Calvet calorimeter when the heat flux between the 
calorimeter and the external jacket is measured by a bank of thermocouples 
surrounding the calorimeter container [315]. Calorimetry methods consist of 
two major categories: the measurement of heat capacities and the 
determination of enthalpies of chemical reactions [314]. The isoperibolic 
Calvet-type calorimeter used for solution calorimetry in molten oxide solvent 
(sodium molybdate) is utilized in this project to determine the enthalpies of 
formation of NMC oxides. This devise is briefly introduced in the following 
section.  
3.4.1 High temperature oxide melt solution 
calorimetry  
High temperature solution calorimetry in molten oxide solvents has proven to 
be a suitable method for the determination of enthalpies of formation of a wide 
range of compounds [314, 316, 317]. This technique has been used since 1964 
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for different minerals [318–320]. The Calvet-type microcalorimeter [315] is 
modified by Kleppa [321] for high temperature applications and is further 
improved by Navrotsky for a wide range of materials [314, 316, 317], while 
keeping the same working principles.  
In the present work, high temperature oxide melt drop solution calorimetry was 
performed on a Setaram AlexSys-1000 (Setaram Instrumentation, Caluire-et-
Cuire, France) [322], which is a commercial Tian–Calvet calorimeter operating 
under isoperibolic conditions. AlexSys-1000 calorimeter is constructed based 
on the custom-built calorimeters developed by Navrotsky [314, 316, 317]. The 
installation and set-up of the AlexSys-1000 calorimeter at the KIT lab is 
described by Cupid et al. [277]. High temperature calorimetry here refers to 
calorimeters operating at temperatures higher than 400 °C [317]. 
A schematic picture of the calorimeter and the components of the calorimeter 
cells are depicted in Figure 3.4. The calorimeter basically consists of two 
sample chambers each surrounded by a thermopile of 56 Pt-Pt13%Rh 
thermocouples in series. The two thermopiles are connected in opposite, which 
reduces the fluctuations in the measured base-line caused by temperature 
changes in the calorimeter block [315]. The thermopiles are embedded in a 
large block of Hastelloy X. As the calorimeter works based on isoperibolic 
condition, the temperature of the calorimeter block is kept constant at TB by a 
cylindrical heater on the sides, and plate heaters on the top and bottom. The 
calorimeter is insulated from the surrounding environment by a thermal 
insulation cover.  
In Figure 3.4 the calorimeter cell is enlarged. This cell consists of a platinum 
crucible (11 cm long, 1.5 cm diameter) placed in silica crucible. The solution 
is put inside the platinum crucible. Both crucibles are then placed inside a long 
silica glass tube to minimize thermal radiation heat transfer. The sample 
dropping tube and the tubes carrying bubbling and flushing gas are also 
connected to the long glass tube. The flushing gas serves to maintain a constant 
gaseous environment above the solution. The bubbling gas is driven inside the 
molten solution through a thin tube and serves to stir the solution, thereby 
further enabling sample dissolution and preventing local solvent saturation. 
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Both flushing and bubbling gases determine the activity of oxygen in the 
molten solution.  
 
Figure 3.4:  Schematic structure of the AlexSys 1000 calorimeter from SETARAM. On the 
left-hand side, the vertical cross-section of calorimeter chamber is illustrated and 
on the right-hand side different components of the calorimeter cell are shown.  
Before the start of the measurements, the calorimeter cells are in thermal 
equilibrium with the block and this is reflected as a stable heat flow signal (𝜙 
in µV) over time. When a sample is dropped into the calorimeter cell, the signal 
starts to rapidly deviate from the baseline, as depicted in Figure 3.5,  and after 
reaching an extremum at the end of chemical reaction, the signal slowly returns 
to the baseline level, creating a peak. In fact, when a sample is dropped into 
the calorimeter, the enthalpy of the cell changes by ∆𝐻𝑃. The heat released or 
absorbed by the sample during the dropping process includes the heat content 
of the sample from the room temperature to the temperature of calorimetry and 
the heat of dissolution in the oxide melt.  
The purpose of calorimetry is to determine ∆𝐻𝑃 and find the relationship 
between ∆𝐻𝑃 and the measured heat flow signal as described in the following. 
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The released or absorbed heat results in a temperature difference between the 
calorimeter cell and calorimeter block: 
∆𝑇(𝑡) = 𝑇𝐶(𝑡) − 𝑇𝐵    (3.10) 
 
Figure 3.5:  The calorimetric measurement curves showing heat flow signal (𝜙) against time 
when a sample is dropped into the calorimeter. The base line (in red) linearly 
connects the beginning and the end point of the measurements such that 𝜙(𝑡1) −
 𝜙(𝑡2) = 0 . The peak area is shown in yellow. Inset graph: overview of the 
repeated calorimetric measurements by samples of the same NMC material.  
∆𝑇(𝑡) is measured by the thermopiles as a voltage (heat flow) signal which is 
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where K is the calibration factor of the calorimeter. The enthalpy changes of 
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where Rth is the thermal resistance of the calorimeter block and 
𝛥𝑇(𝑡)
𝑅𝑡ℎ
 is the heat 
flow between the calorimeter container and the block. As 𝑑𝐻 = 𝑑(𝐶𝐶 ∙ 𝑇𝐶(𝑡)), 
where CC is the heat capacity of the calorimeter cell, the previous equation can 








The thermal capacity of the calorimeter stays constant due to the small size of 
the sample comparing the calorimeter cell; therefore, the equation can be 









   (3.14)  
Considering the relation between the voltage signal 𝜙(𝑡) and ∆𝑇, the equation 
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Therefore, ∆𝐻𝑃 can be calculated using Equation (3.17) through measuring the 
area under the peak which is highlighted in yellow in Figure 3.5. 
𝐾
𝑅𝑡ℎ
 should be 
determined through calibration using a material with well-known heat 
capacity.  
In the course of the present work, the average temperature inside the platinum 
crucibles located inside the calorimeter cells is set to 974.0 ± 0.1 K. Both 
calorimetric chambers were calibrated independently using 7 mg sapphire 
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spheres (origin and purity in Table 3.3) with a diameter of 1.5 mm. The 
sapphire spheres were dropped from room temperature (298 ± 1) K into the 
empty platinum crucibles of the calorimeter (no oxide melt) at 974 K. The 
measured heat content of sapphire with known heat capacity is then used to 
determine the calibration factor of the calorimeter.  
In the present work, solution calorimetry was performed in a sodium 
molybdate (3Na2O·4MoO3) melt as solvent. For this purpose, the required 
amounts of sodium molybdate dihydrate (Na2MoO4·2H2O) and molybdenum 
(IV) oxide are thoroughly mixed. The origin and purity of the chemicals are 
listed in Table 3.3. The mixture was heated at 973K for 5h in air and after 
cooling inside the furnace, ground to powder. About 28 g of the sodium 
molybdate mixed powder is put inside each platinum crucible and heated again 
at 700 °C for 2 hours and slowly cooled in the turned-off furnace to set inside 
the platinum crucible. The crucible is then assembled as shown in Figure 3.4. 
By inserting the tubes inside the calorimeter chamber, the sodium molybdate 
powder melts and is usually ready to use after 4 hours if the baseline is stable. 
The oxide melt is a buffer solution and below approximately one mole percent 
of solute oxide (sample) in solvent oxide, no dependence of the measured heat 
on the concentration was observed and the presence of one cation did not affect 
the solution of other compounds with different cations [319]. 
Table 3.3:  Details of the chemicals, reference material and the gas used in the calorimetry  
experiments.  
raw material chemical formula source 
mass fraction 
purity 
Sodium molybdate dihydrate Na2MoO4·2H2O Merck KGaA ≥ 99.5% 
Molybdenum trioxide MoO3 Merck KGaA ≥ 99% 
Sapphire spheres  Al2O3 Alfa Aesar 99.99% 
Argon Ar Air Liquide  99.999% a 
a Purity expressed in mole fraction 
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For the high temperature drop solution measurements, all powder samples 
were pressed into pellets of 3 mm diameter and dropped from ambient 
temperature into liquid sodium molybdate at 974 K. The masses of the pellets 
varied between 5 and 9 mg (accuracy of weighing ± 0.005 mg). To estimate 
the uncertainty related to the repeatability of the experiments, several samples 
of each material were dropped into the calorimeter, reflecting as consecutive 
peaks in Figure 3.5 insert picture. The individual drops were performed in 
approximately 1.5 hours intervals to ensure complete dissolution of the sample 
in the sodium molybdate solvent and the attainment of a steady-state 
equilibrium after each drop. Ar gas (origin and purity in Table 3.3) with flow 
rates of 50 ml·min-1 and 5 ml·min-1 were used as a flushing and bubbling gas, 
respectively.  
3.5 Electrochemical characterization 
This section focuses on the preparation method of electrodes out of synthesized 
NMC powder, assembly of coin cells, electrochemical instrumentation and the 
techniques used to investigate the electrochemical performance of the cells.  
3.5.1 Fabrication of electrodes 
The electrodes sheets composed of synthesized NMC powder of different 
compositions as active material, carbon black as electronically conductive 
filler (SUPER C65, TIMICAL) and polyvinylidene fluoride (PVDF) as binder 
(purity ≥ 99.0 %, MTI, USA) with the weight ratio of 80:10:10, respectively. 
The fabrication process is as follows: first, PVDF powder is dried for 2 hours 
in a vacuum oven at 100 °C and dissolved in appropriate amount of N-methyl-
2-pyrrolidinone (NMP, purity ≥ 99.5 %, Alfa Aesar) to prepare 5 wt% solution 
of PVDF in NMP. The required amounts of active material and carbon black 
were weighed and ground thoroughly three times in an agar mortar by adding 
acetone. The mixture is then dried in a drying oven at 60 °C for 30 min. The 
required amount of PVDF solution is added to the active material and carbon 
black mixture and stirred using a magnet stirrer overnight to ensure a 
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homogenous slurry. As the viscosity and consistency of the slurry was suitable 
for coating, no additional NMP was added. 
The composite NMC electrodes were produced by casting the prepared slurry 
on aluminum foil (20 μm thickness, Targray) using a doctor blade coating 
machine (AFA-III Automatic Thick Film Coater, MTI Corp., USA). The blade 
clearance (wet coating thickness) was set to 150 μm and the moving speed of 
the blade was 10 mm/s. The coated sheets were dried in a vacuum oven 
(mBRAUN-MB VOH-250) at 80 °C overnight. The electrode disks with a 
diameter of 13 mm were punched out of the dried sheets using a punching 
machine (El-Cut 13, El-Cell, Hamburg, Germany). The electrode disks were 
subsequently pressed using a hydraulic hand press by 8 tones in a press die of 
20 mm diameter in a replacement to industrial calendaring process to improve 
the particle to particle contact in the electrode and the adhesion of the electrode 
to the aluminum substrate.  
Knowing the measured weight of the mixed active material, carbon black and 
PVDF in the slurry, their real ratio was calculated and the actual mass fraction 
of the active material in cathode composite (Ra) in each slurry mixture was 
determined. The weight of electrode disk (me) and the average weight of 
uncoated aluminum foil with the same diameter as electrode disc (?̅?𝑓) were 
measured before the cell assembly. The weight of active material (ma) for each 
cell was calculated through Equation (3.18).  
𝑚𝑎 = (𝑚𝑒 − ?̅?𝑓) ∙ 𝑅𝑎   (3.18) 
3.5.2 Electrochemical cells: assembly and 
disassembly 
Electrochemical measurements were performed on coin cells of type CR2032, 
with a diameter of 20 mm and a height of 3.2 mm, made of composite NMC 
as working (positive) electrode and metallic lithium disk (diameter of 12 mm, 
thickness of 0.38 mm, 99.99 %, trace metal basis, Sigma Aldrich, United 
States) as negative and counter electrode. The coin cell casing was made of 
stainless steel and cases were equipped with O-rings (Pi-KEM, MTI 
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Corporation). The electrolyte was 1M solution of lithium hexafluorophosphate 
(LiPF6) salt in ethylene carbonate (EC) /dimethyl carbonate (DMC) with 
weight ratio 1:1 (LP30, water content < 20 ppm, HF as free acid < 50 ppm, 
BASF, Germany). In each coin cell 90 μl of electrolyte was added, using a 
volumetric pipette. As separator, glass fiber (diameter of 15 mm, thickness of 
260 μm, GF/A Filter, Whatman,) was used. The coin cells were constructed in 
an argon-filled glovebox (O2 < 0.1 ppm, H2O < 0.3 ppm; mBRAUN-LAB 
master sp, Garching, Germany) using MT 160 D coin-cell pressing machine 
(MTI Corp, USA). Before the cell assembly, the stainless-steel parts, the 
cathode disks and the separator were dried under vacuum at 110 °C for 24 h. 
Separators have been dried earlier at 120 °C under vacuum for two additional 
days and stored inside the glovebox. The electrochemical measurements 
started at least three hours after the assembly of cell to ensure homogenous 
permeation of electrolyte.   
3.5.3 Techniques 
The electrochemical tests in the present work were performed using MPG2, a 
multi-channel battery cycler from Bio-Logic (Bio-Logic Science Instruments 
SAS, Seyssinet-Pariset, France). In this device each channel is an independent 
potentiostat / galvanostat, enabling to control either current or voltage on 
multiple channels simultaneously. These settings as well as some post data 
analysis were performed with the help of the EC-Lab software from Bio-Logic. 
To keep a constant temperature during electrochemical investigations, all cell 
and cell holders were placed in a temperature chamber (KT 53 E6, Binder 
GmbH, Tuttlingen, Germany) and the temperature was set at 25 °C for all 
measurements. For each NMC composition, at least two corresponding cells 
have been assembled and tested.  
3.5.3.1 Galvanostatic coulometry  
In the galvanostatic measurements also known as chronopotentiometry, a 
constant-current pulse is applied to the working and counter electrodes and the 
variation of potential with time is measured. The current is applied by a 
galvanostat with very large internal resistance. In this technique, the potential 
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is usually limited in a specific range. Therefore, these measurements are 
usually referred to as galvanostatic coulometry with potential limitations 
(GCPL). When the applied current is positive, the working electrode oxidizes 
and once the maximum voltage limit is reached, the current becomes negative 
to reduce the electrode to the minimum voltage limit. This consecutive charge 
and discharge process forms a galvanostatic cycle. Galvanostatic 
measurements are important as the constant applied current provides a working 
condition similar to the real working condition of the battery. An example of 
four GCPL cycles on a fresh cell with NMC532 cathode versus metallic 
lithium anode is shown in Figure 3.6. As mentioned earlier, the voltage curve 
is characteristic of the cell reaction.  
 
Figure 3.6:  An example from the present work showing four GCPL cycles on a fresh cell 
with NMC532 cathode vs. metallic lithium anode. In this measurement, constant 
current (nominal C/10 charge and discharge) is applied and variations of voltage 
between 3.0 V and 4.2 V is measured.  
For an intercalation/deintercalation of lithium as the guest species in a host 
structure according to the reaction in Equation (3.19), the amount of Li can be 
calculated by Equation (3.20).  
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𝐴𝑥 ∙ 𝐻𝑜𝑠𝑡 + ∆𝑥 ∙ 𝐴




   (3.20) 
where I is the applied current (A), ∆𝑡 is the time interval (s),  
ℳ is the molecular weight of the host material (g·mol-1) and 𝑚𝑎 is the mass of 
active material in the electrode (g). 
3.5.3.2 Galvanostatic intermittent titration technique (GITT) 
Galvanostatic intermittent titration technique (GITT) combines transient and 
steady-state measurements to obtain both kinetic and thermodynamic 
information about solid solution electrodes [323]. GITT method is a well-
known electrochemical method to measure the quasi open circuit voltage 
(QOCV) at different states of charge (lithium content) which is a close 
estimation of open circuit voltage (OCV) or equilibrium cell potential as 
introduced is Section 2.2. OCV measurements are important as other 
thermodynamic properties can be directly derived from OCV data. In addition, 
GITT method or current pulse method proposed by Weppner and Huggins 
[324] is the standard electrochemical method employed to obtain the chemical 
diffusion coefficient ?̃? of Li+ ions in the insertion electrodes of lithium-ion 
battery. Other electrochemical methods include potentiostatic intermittent 
titration technique (PITT) [325], electrochemical impedance method [326] and 
cyclic voltammograms (CV) [327]. For high power density batteries, it is 
important that the solid electrodes incorporate electroactive species fast from 
the electrolyte into their crystal structures and the local compositional 
(stoichiometric) gradient inside the electrode can rapidly reach the 
compositional equilibration (relaxation). Therefore, study of the transport of 
the mobile species and its quantitative expression in terms of chemical 
diffusion coefficient ?̃? is of great importance.  
Using the GITT method, the electrode is subjected to a small constant current 
pulse followed by an open circuit stand for a long enough period of time that 
allows the cell potential to relax and reach its steady-state value. During the 
measurement, the potential responses to the current changes are measured as a 
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function of time. This procedure is repeated until the cell potential reaches the 
upper limit of the desired voltage range. The intermittent charging of the cell 
leads to step-wise variation of the electrode’s composition, i.e. x in LixMO2 
electrode. The voltage of the electrode at the end of each relaxation time is the 
QOCV for the corresponding state of charge (x value). The evolution of QOCV 
versus x in LixMO2 is obtained from the GITT measurements and is equivalent 
to OCV at varying x. An example of a GITT measurement exhibiting the 
current and voltage changes as a function of time is shown in Figure 3.7. The 
insets of Figure 3.7 show enlarged views of the current pulses and voltage 
responses during charge and discharge courses as well as QOCV of the 
respective steps.  
 
Figure 3.7:  An example from the present work showing a GITT measurement on a coin cell 
with NMC110 as positive electrode. The measurements program includes inter-
mittent charge and discharge between 3.0 V and 4.5 V with 30 minutes of current 
application and 5 hours of relaxation. The inserts show the shape of respective 
voltage response to each current pulse during charge/ discharge courses as well 
as quasi open circuit voltage (QOCV) as the working voltage at the end of each 
relaxation period corresponding to lithium content after each electrochemical ti-
tration step.  
Figure 3.8 shows the enlarged view of a single current pulse and its respective 
voltage changes from the same measurement of Figure 3.7. The set parameters 
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of the GITT including current of the pulse (Ip), time of the pulse () and 
relaxation time (trelaxation) as well as the features of the voltage curve that are 
used for the calculation of the diffusion coefficient are specified in the picture.  
 
Figure 3.8:  A single current pulse and its respective voltage changes as a function of time. 
The set parameters of the GITT measurement including current of the pulse (Ip), 
time of the pulse (), relaxation time (relaxation) as well as the features of the volt-
age curve including ∆𝐸𝑡 (the total transient change in the cell voltage after sub-
traction of IR-drop) and ∆𝐸𝑠 (the change in the steady-state voltage between two 
consecutive titration steps) are shown. The graphs are taken from the measure-
ments preformed in the present work.  
Assuming that lithium transport in the electrode is according to Fick’s second 
law and considering the phenomenon as one-dimensional diffusion (without 
consideration of ohmic potential drop, double-layer charging, charge-transfer 



































kinetics, and phase transformation) a lithium diffusion coefficient can be 
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⁄ )    (3.21) 
Where 𝑚𝑎, 𝑉𝑀 and ℳ are the active mass, molar volume and molar mass of 
the insertion electrode material, respectively. S is the total contact area between 
the electrolyte and the electrode, and L is the thickness of the electrode. The 
𝑉𝑀 value is deducted from the crystallographic data for each compound. ∆𝐸𝑠 
is the total transient change in the cell voltage, after subtraction of IR-drop, 
and ∆𝐸𝑡 is the change in the steady-state voltage between two consecutive 
titration steps. These values are obtained from the voltage response curve for 
each step as shown in Figure 3.8.  
3.5.3.3 Cyclic voltammetry 
In voltametric methods, the voltage of the cell varies with the time within a 
defined voltage window and with a specific sweep rate. Concurrently, the 
changes of the current generated by the consequent electrochemical reactions 
of the electrode is measured. In cyclic voltammetry (CV), the voltage changes 
linearly with time with a prescribed ± 𝑑𝐸/𝑑𝑡 (ranging from µV·s-1 to mV·s-1). 
CV is the most widely used technique to obtain quantitative information about 
the redox potentials of electroactive species. In the present work, the cyclic 
voltammetry investigations are performed on the coin cells after GITT tests. 
The measurement is performed after 5 hours of open circuit voltage stand of 
the cell and is recorded between 3.0 and 4.5 V with a sweep rate of  
0.01 mv·s-1. An example of such a measurement is shown in Figure 3.9-a. The 
results of the CV measurements are presented in form of current versus voltage 
graphs. Such graphs are known as cyclic voltammograms, an example of which 
is shown in Figure 3.9-b. 
3.5.3.4 Rate capability 
In high power applications, it is important for the battery to exhibit good 
cyclability at different C-rates. This feature is known as high rate capability. 
To investigate the rate capability, the battery is usually cycled using 
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subsequently varied C-rates while each C-rate is applied for a specific number 
of cycles.  In the present work, the rate capability investigations are performed 
after GITT and CV tests, using C/20, C/20, C/5, C/2, C, 2C, 5C charges and 
discharged for 5 cycles with each C-rate as shown in the step No. 10 in  Figure 
3.10. 
  
Figure 3.9:  An example from the present work showing a CV measurement on a coin cell 
with NMC532 as positive electrode. The measurement is performed after 5 hours 
of open circuit voltage stand on the cell and is recorded between 3.0 and 4.5 V 
with a sweep rate of 0.01 mv/s. a) current and voltage versus time graphs, b) 
Cyclic voltammogram of the measurement. 




















































 Figure 3.10:  Flow diagram showing the techniques, parameters and sequences used for  
testing coin cells made of different NMC material as active material of positive 
electrode.  
1- Fresh cell 
2- Formation 
GCPL, 4 cycles, 3.0 - 4.2 V, C/10  
3- Capacity Determination  
Battery Capacity Determination (BCD), 1 cycle, 3.0 - 4.5 V, C/10 
4- Stabilization at 3 V 
GCPL, to 3 V, C/10 
Constant voltage at 3V for 24 h 
6- GITT (charge and discharge) 
GCPL, 3.0 – 4.5 V, C/20, 30 min current pulse, 5 h relaxation 
 
5- Disassembly 
8- Open Circuit Voltage  
OCV, 5 h  
  
7- Capacity Determination  
GCPL, 3 cycle, 3.0 - 4.5 V, C/10 
9- Cyclic Voltametry 
CV, 3 cycles, 3.0- 4.5 V, 0.01 mV·s-1 scan rate 
1 cell 
2 cells 
10- Rate capability and capacity fading 
GCPL, 3.0- 4.5 V, C/20, C/10, C/5, C/2, C, 2C, 5C, 5 cylces each 
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3.6 Uncertainty of measurements  
In general, the result of a measurement of a physical quantity or a measurand 
is only an estimate of its value. The result of a measurement is complete only 
when accompanied by the evaluation and expression of the uncertainty of the 
estimated value. Statement of the uncertainty provides a quantitative indication 
of the quality of the result and makes any comparison with other measurements 
or with the reference values possible. The evaluation of uncertainties in the 
measurements of the present work follows the rules of the "Guide to the 
Expression of Uncertainty in Measurements (GUM)" [328].  
The term uncertainty of the result of a measurement is a parameter that reflects 
the lack of exact knowledge of the value of the measurand and shows the 
dispersion of the values that could be attributed to the measurand. The result 
of a measurement is usually determined based on a series of observations of 
the same measurand. If the results are obtained by successive measurements 
carried out under the same conditions, then the repeatability of the 
measurement is evaluated. Repeatability conditions consist of the same 
measurement procedure, the same measuring instrument, the same observer, 
the same location and repetition over a short period of time. If the 
measurements are carried out under specific changed conditions, then the 
reproducibility of the measurement is evaluated. The changed conditions may 
consist of method of measurement, observer, measuring instrument, reference 
standard, location or time.   
Differences in repeated observations under repeatability conditions are 
supposed to exist because of inconstant influence quantities, i.e. quantities 
other than the measurand which affect the result of the measurement. Random 
effects of a measurement result are usually decreased by increasing the number 
of observations. Similarly, systematic effects can also be reduced but not 
removed. If an influence quantity leading to a significant systematic effect 
(relative to the required accuracy of the measurement) is recognized, a 
correction or correction factor can be applied to compensate for the effect. The 
uncertainty has different components arising from random effects and from 
imperfect correction of the result for systematic effects. The uncertainty of an 
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applied correction is the uncertainty of the result due to imperfect knowledge 
of the required value of the correction. Adjustment and calibration using 
standards and reference materials is usually a measure to eliminate systematic 
effects. Still, the uncertainties accompanying these standards and materials 
need to be taken into account. 
Standard uncertainty is the uncertainty of a measurement, which is expressed 
as a standard deviation. In general, there are two types of evaluation of 
uncertainty. This classification is based on the methods, by which the 
uncertainty components are evaluated rather than the components themselves. 
Type A evaluation is a method using statistical analysis of series of 
observations and Type B is a method using other means. However, both types 
of evaluations are on the basis of probability distributions, and the uncertainty 
components resulting from each type are expressed by variances or standard 
deviations.  
When uncertainty components are determined from repeated observations, 
Type A evaluation is practiced. A measurand Y is usually obtained from n input 
quantities X1, X2, ..., Xn through a functional relationship f: 
𝑌 = 𝑓(𝑋1, 𝑋2, … , 𝑋𝑛)     (3.22) 
The function f contains all corrections and correction factors. To determine y 
which is the estimated value of the measurand Y, xi, the estimated value of 
input quantities Xi, need to be determined. Thus, y can be calculated by 
Equation (3.23).  
𝑦 = 𝑓(𝑥1, 𝑥2, … , 𝑥𝑛)      (3.23) 
Where xi is usually determined based on the statistical analysis of series of 
observations and estimated by the arithmetic mean of n independent repeated 
observations of input quantity Xi as obtained from Equation (3.24).  





𝑘=1         (3.24) 
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The variance σ2 of the probability distribution of xi is estimated by the 




∑ (𝑋𝑖,𝑘 − ?̅?𝑖)
2𝑛
𝑘=1       (3.25) 
The standard uncertainty of xi, u(xi) equals the experimental standard deviation 
(positive square root of experimental variance) of the observations, s(?̅?𝑖), 





         (3.26) 
When the input quantities are independent or uncorrelated, the combined 
standard uncertainty denoted by uc is calculated using the standard uncertainty 
u(xi) of each input estimate xi by Equation (3.27).  
𝑢𝑐







2(𝑥𝑖)      (3.27) 
However, it is not an economic investigation to obtain all of the uncertainty 
components by Type A evaluation. Therefore, many uncertainty components 
must be evaluated by other means i.e. by Type B. In Type B evaluation, other 
available information is discussed which cannot be obtained by statistical 
evaluation. This information includes mathematically determinate 
distributions, imported input values and measured input values. The 
uncertainties from mathematically determinate distribution can arise from the 
resolution of the digital indication, hysteresis or finite-precision arithmetic. In 
these cases, standard uncertainty is u = 0.29 δx, where δx could be the 
resolution of the indicating device, the range of possible hysteresis or smallest 
change in the output quantity by increasing small increments in the most 
important input quantity, respectively. Another Type B uncertainties come 
from imported quantities with known or estimated uncertainties or from input 
quantities measured by single observation with the uncertainty obtained by 
calibration of the device against a standard or a verified device.  
To define an interval that covers a large fraction of the values attributed to the 
measurand, the expanded or overall uncertainty (U) is used. The fraction is 
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known as the coverage probability or the level of confidence of the interval. 
The combined standard uncertainty is multiplied by a factor known as 
coverage factor (k) typically in the range of 2 to 3 to obtain expanded 
uncertainty.  
𝑈 = 𝑘𝑢𝑐(𝑦)     (3.28) 
The result of a measurement is expressed as Y = y ± U, which means that the 
best estimate of the value attributable to the measurand Y is y, and it is expected 
that a large fraction of the distribution of values that could reasonably be 
attributed to Y lies in y − U to y + U interval. In the present work, the coverage 
factor of 2 is chosen. Assuming that the dispersion of the measured values has 
a normal distribution, the coverage factor k = 2, covers 95.4% of the values 
which is equivalent to a confidence level of p ≈ 95%. 
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4 Synthesis and characterization 
The layer-structured NMC samples synthesized and investigated in the present 
work consist of two compositional series including: 1) manganese and nickel 
equimolar LiNixMnxCo1-2xO2 (x = 0, 0.167, 0.333, 0.4 and 0.5) and 2) Ni-rich 
LiNi0.8-yMnyCo0.2O2 (y = 0, 0.1, 0.2, 0.3 and 0.4). Figure 3.2 showed the 
investigated compositions on the Gibbs triangle by red squares and blue circles 
for the first and second series, respectively. The compositions of the samples 
are designed so that they cover the area of commercial interest of the NMC 
materials while making possible a systematic investigation of compositional 
changes. The samples whose synthesis is discussed in this chapter are subject 
of further investigations including thermal analysis (Chapter 5), determination 
of enthalpy of formation (Chapter 6) and electrochemical studies (Chapter 7). 
The main purpose of the synthesis and characterization of these materials is to 
ensure that the composition of the samples are as close to the nominal 
compositions as possible. In this chapter, based on the results of the chemical 
analysis, a general method for the determination of chemical formula of the 
NMC material is proposed. Rietveld refinement of the XRD patterns of the 
samples is used to characterize the structures present in the samples. The 
average oxidation state of transition metals in each composition is determined 
by redox titration method. The presence of oxygen vacancy is investigated by 
comparing oxygen content obtained through different methods including 
carrier gas hot extraction (CGHE), redox titration and Rietveld refinement of 
the corresponding powder XRD pattern (only for LiNi0.8-yMnyCo0.2O2 series). 
For samples in which different preparation conditions are experimented, the 
optimum synthesis condition is detected. After all, the effect of changes in the 
Ni:Mn:Co ratio on chemical formula and structural properties of the NMC 




The LiNixMnxCo1-2xO2 samples with x = 0, 0.167, 0.333, 0.4 and 0.5, and the 
LiNi0.8-yMnyCo0.2O2 samples with y = 0, 0.1, 0.2, 0.3 and 0.4 (see Figure 3.2 for 
sample notations) were synthesized by the sol-gel method using metal acetates 
and adipic acid, as described in Section 3.1. The first series of samples, namely 
LiNixMnxCo1-2xO2 samples with x = 0, 0.167, 0.333, 0.4 and 0.5 were prepared 
using stoichiometric lithium acetate added to the initial solution. The final 
calcination temperature was chosen at 900 °C for the samples with x = 0, 0.167, 
0.333 and 0.4, and 1000 °C for the sample with x = 0.5 to achieve pure single-
phase material. The sample with x = 0.5 when calcinated at 900 °C, contained 
Li2MnO3 (space group: C2/m) as impurity phase. This impurity phase 
disappeared when the calcination temperature was raised to 1000 °C. The 
calcination temperatures were chosen based on the best agreement of 
temperatures suggested in different works [143, 182, 184, 204, 275, 329]. 
For the second series of samples, namely LiNi0.8-yMnyCo0.2O2, samples with y 
= 0, 0.1, 0.2, 0.3 and 0.4, 3 mol% of excess lithium acetate was used to 
compensate for lithium loss during the calcination process and preventing the 
lithium deficiency. It is know that the lithium deficiency is undesirable and 
harmful for the electrochemical performance [228]. The lithium insufficiency 
seems to be due to the high vapor pressure of lithium at high calcination 
temperatures [330]. Hence, adding excess lithium is suggested to compensate 
for the lithium loss during the calcination [228] and to reduce the undesirable 
site mixing of Li and Ni in LiNiO2 and Ni-rich layered compounds [331].  
It has been proposed that there is an optimum thermal treatment condition for 
each composition of a transition-metal oxide electrode materials, which leads 
to optimized electrochemical properties [332, 333]. In the case of Ni-rich com-
pounds, as Mn content increased, calcination temperature has increased to sup-
press the oxidation of Ni2+. A similar trend was reported on the optimum firing 
temperature for LiNi0.4Mn0.5Co0.1O2 and Li(Ni0.45Mn0.45Co0.1)O2 synthesized 
by a coprecipitation method [334] and the Co-free Ni-rich Li(Ni1−xMnx)O2  
layered compounds [154].  
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The final calcination temperature was chosen at 900 °C for the samples with y 
= 0.2, 0.3 and 0.4. For the sample with y = 0.1 (NMC712), the calcination 
temperatures of 850 °C was used. Hereafter this sample is called NMC712-
850. To investigate the effect of calcination temperature, a part of NMC712-
850 was calcinated at 900 °C. This sample is called NMC712-900. In the same 
way, sample with y = 0 was first calcinated at 725 °C, making NMC802-725 
sample. To investigate the effect of different calcination temperatures and to 
find the optimum temperature, NMC802-725 sample was divided into four 
parts, three of them were calcinated at 750 °C, 800 °C and 900 °C, respectively. 
In each calcination course, the samples were heated for 15 hours at the final 
temperature and then cooled in air by removing the crucible from the hot 
furnace. The samples were characterized chemically and structurally by 
different characterization methods already described in Chapter 3.  
4.2 Results and discussion 
4.2.1 LiNixMnxCo1-2xO2 series  
4.2.1.1 Chemical analysis 
The chemical compositions of the LiNixMnxCo1-2xO2 samples in weight 
percent, determined by ICP-OES and CGHE, are listed in Table 4.1. It should 
be mentioned that the numbers after the “±” sign in Table 4.1 represent the 
repeatability of the experiments and are calculated using type A combined 
uncertainty analysis and Equation (3.28) with a coverage factor of 2 
(confidence level of p ≈ 95%). This does not contain the uncertainties 
associated with using different sample batches and different devices or 
operators. It is expected that the total uncertainty of each value is larger than 
the uncertainty related to repeatability. The results were found to be very close 
to the nominal values. However, small Li losses were observed, which can be 
attributed to lithium evaporation during synthesis of these materials. These Li 
losses depend on the heat treatment temperatures and the employed 
procedures, and are not uncommon for the preparation of these materials [185]. 
As the deviations of the measured compositions from the nominal values are 
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small, only the nominal compositions were used for the refinements of the 
powder XRD patterns and the evaluation of the enthalpy of formation data of 
these series of samples in Chapter 6. The effect of neglecting Li loss on the 
calculation of enthalpies will be discussed in Chapter 6.  
Table 4.1:  Chemical analysis of the layered LiNixMnxCo1-2xO2 (0 < x ≤ 0.5) samples. The values 
in brackets correspond to the nominal compositions. The uncertainties are expanded 

























(ICP-OES) / wt% 
CGHE /  
wt% 
Li Ni Mn Co O 
LiCoO2 
6.78 ± 0.16 
[7.09] 
--- --- 
59.7 ± 0.6 
[60.21] 
28.1 ± 2.6 
[32.69] 
LiNi0.17Mn0.17Co0.66O2 
6.91 ± 0.04 
[7.14] 
9.55 ± 0.06 
[10.07] 
9.36 ± 0.2   
[9.42] 
39.6 ± 0.2 
[40.43] 
32.9 ± 0.6 
[32.93] 
LiNi0.33Mn0.33Co0.33O2 
7.00 ± 0.18 
[7.20] 
19.4 ± 0.6   
[20.28] 
19.1 ± 0.6   
[18.98] 
19.9 ± 0.6 
[20.37] 
30.9 ± 4.4 
[33.17] 
LiNi0.4Mn0.4Co0.2O2 
6.89 ± 0.12 
[7.22] 
23.1 ± 0.6   
[24.41] 
22.6 ± 0.6   
[22.85] 
11.8 ± 0.2 
[12.25] 
34.3 ± 1.2 
[33.27] 
LiNi0.5Mn0.5O2 
6.73 ± 0.04 
[7.25] 
30.8 ± 0.08 
[30.65] 
28.2 ± 0.06 
[28.69] 
--- 
32.6 ± 0.8 
[33.42] 
 
The average oxidation state (AOS) of transition metals is determined by redox 
titration method as described in Section 3.2.4. The results are summarized in 
Table 4.2 and show that the AOS for the samples with x = 0.167, 0.333, 0.4 
and 0.5 are about 3, i.e. the nominal value for oxidation state of M in LiMO2 
compound. The AOS for LiCoO2 sample is 2.67 which is lower than the 
expected +3 oxidation state. However, the uncertainty of the obtained value 
for LiCoO2 sample is also higher than the other samples.   
The chemical formula in general is described as LiαMO2-δ and should satisfy 
two rules; First, the sum of the cation occupations on the 3(b) sites (in the 
transition metal layer) should equal one [157]. Second, the sample should be 
electrically neutral. This means that the sum of the oxidation state of each 
element multiplied by its occupation must equal zero. Knowing the content of 
lithium and transition metals through ICP-OES and the content of oxygen, 
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either through direct measurement using carrier gas hot extraction method or  
through calculation using average oxidation state of transition metals, one can 
determine the coefficients of the chemical formula for each sample. The 
chemical formula of all LiNixMnxCo1-2xO2 samples based on the two 
assumptions for the content of oxygen are listed in Table 4.3.  
Table 4.2:  Summary of the results of redox titration of the layered LiNixMnxCo1-2xO2 (0 < x ≤ 















1 20.48 20.519 19.913 --- 20.221 
2 20.375 20.299 20.47 20.302 20.358 
3 19.801 20.442 20.767 20.616 20.146 
formula weight  96.18 96.18 96.18 96.18 95.76 
titration factor  1.098 1.098 1.098 1.098 1.083 
N of KMnO4  0.055 0.055 0.055 0.055 0.054 
V1 3  18.21 18.21 18.21 18.21 18.47 
V2 
4 
1 15.85 14.2 14.2 --- 14.55 
2 15.55 14.2 14.1 14.15 14.6 




1 0.61 1.03 1.06 --- 1.01 
2 0.69 1.04 1.06 1.06 0.99 
3 0.70 1.04 1.05 1.08 1.01 
average ɛ  0.67 1.04 1.06 1.07 1.00 
standard deviation 0.049 0.006 0.010 0.016 0.012 
two standard error 0.056 0.007 0.011 0.022 0.014 
error %  8.46 0.63 1.07 2.09 1.44 
AOS  2.67 3.04 3.06 3.07 3.00 
1 LiCoO2 
2 NMC442 of LiNixMnxCo1-2xO2 series (without excess Li). 
3 Average value for three blind samples. 
4 From titration of the sample. 
 
As can be seen in Table 4.3, in almost all samples the coefficient of Li is close 
to one which indicates negligible Li loss during the synthesis process. Only 
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NMC110 sample has the highest lithium loss which is possibly due to its higher 
calcination temperature (1000 °C) than the other samples (900 °C). To 
compare two methods for the determination of oxygen coefficient, namely 
redox titration and carrier gas hot extraction, the Δδ parameter is introduced 




∙ 100     (4.1) 
Where 𝛿𝑅𝑇 and 𝛿𝐶𝐺𝐻𝐸 are oxygen coefficient determined by redox titration and 
carrier gas hot extraction methods, respectively. The values of Δδ are listed in 
Table 4.3 and the oxygen coefficients are also depicted in Figure 4.1 for all 
samples.  
Table 4.3:  Real chemical formula of LiNixMnxCo1-2xO2 (0 < x ≤ 0.5) samples determined based 
on ICP-OES results and either redox titration or CGHE measurements.  
sample 
real composition            
(redox titration) 
real composition  
(CGHE) 
Δδ (%) 1 
NMC001 Li0.96CoO1.81 Li0.96CoO1.73 4.42 
NMC114 Li0.99Ni0.16Mn0.17Co0.67O2.01 Li0.99Ni0.16Mn0.17Co0.67O2.05 1.99 
NMC111 Li0.99Ni0.33Mn0.34Co0.33O2.02 Li0.99Ni0.33Mn0.34Co0.33O1.90 5.94 
NMC442 Li0.99Ni0.39Mn0.41Co0.20O2.02 Li0.99Ni0.39Mn0.41Co0.20O2.13 5.45 
NMC110 Li0.93Ni0.51Mn0.49O1.97 Li0.93Ni0.51Mn0.49O1.96 0.51 
1 Relative difference between oxygen coefficients determined by two methods (redox titration and 
carrier gas hot extraction). 
 
As can be seen in Table 4.3, a maximum of 6% difference between two 
methods is observed, which is a quite good agreement between two very 
different ways of determination of oxygen coefficient. All samples except 
LiCoO2 has oxygen coefficients close to ideal value, i.e. 2. In the case of 
LiCoO2, higher oxygen deficiency of δ = 0.2-0.3 is measured. This is in 
agreement with the lower AOS of M (Co) in this sample. This is probably the 
reason of preparing of LiCoO2 under flowing oxygen in many reports [221, 
223, 256]. However, in the present work we did not aim to change the partial 
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pressure of oxygen in the synthesis process. In Chapter 6, we will see that 
although the synthesized LiCoO2 sample has the highest deviation from the 
stoichiometry among other samples, its enthalpy of formation has a very good 
agreement with the literature values. Therefore, the prepared samples could be 
considered as stoichiometric with good approximation.  
 
Figure 4.1:  Oxygen coefficient in LiNixMnxCo1-2xO2 samples as a function of x, determined 
by redox titration (RT) or carrier gas hot extraction (CGHE) methods.  
4.2.1.2 XRD 
The powder X-ray diffraction patterns of the synthesized LiNixMnxCo1-2xO2 
samples for different x values are shown in Figure 4.2. For each pattern, all 
reflections were indexed according to the rhombohedral layered α-NaFeO2-
type structure (𝑅3̅𝑚 space group, No. 166) which is the common structure for 
LiCoO2.  
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Figure 4.2:  Powder XRD patterns for LiNixMnxCo1-2xO2; a) x = 0, b) x = 0.167, c) x = 0.333, 
d) x = 0.4 and e) x = 0.5.  
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By increasing x, through substitution of Co3+ by equimolar amounts of Mn4+ 
and Ni2+, the LiNixMnxCo1-2xO2 series maintains isotopy with LiCoO2. 
Comparing the patterns, one can see that the characteristic intensity reflections 
shift to lower 2 Theta values by increasing x, indicating a change in the lattice 
parameters. A distinctive peak splitting between the (006) and (102) and also 
the (108) and (110) pairs is a result of the distortion of the oxygen sub-lattice 
in the hexagonal c direction and indicates presence of the layered structure 
[335]. An obvious reflection splitting can be seen in all XRD patterns. 
However, it seems that with increasing x the degree of splitting decreases. This 
is possibly related to the overall increase of lattice parameters which leads to a 
shift of all reflections to smaller angle values. However, there is still a 
reasonable splitting of the above mentioned doublets in the XRD pattern of the 
sample with x = 0.5 (LiNi0.5Mn0.5O2).  
In addition, in XRD patterns, the value of the integrated intensity ratios of 
(003) peak to (104) peak is used as an indicator of the degree of the cation 
mixing in the layered compounds [336]. The smaller the I(003) / I(104) ratio 
is, the higher is the disordering. Generally, the disorder of the layer occupancy 
takes place when the I(003) / I(104) ratio is below 1.2 [61]. As shown in Table 
4.4, the intensity ratio of I(003) / I(104) first increases when x in the 
LiNixMnxCo1-2xO2 materials increases from 0 to 0.167.  By further increasing 
x, the I(003) / I(104) ratio decreases. It is noticed that the intensity ratio of 
I(003) / I(104) in LiNixMnxCo1-2xO2 samples, x = 0, 0.167, 0.333, and 0.4, is 
larger than 1.2, meaning that no undesirable cation mixing has taken place. But 
at x = 0.5, the I(003) / I(104) value is smaller than 1.2, implying that the 
undesired cation mixing may occur in this sample. 
The measured diffractograms were analyzed by the Rietveld refinement 
method, considering a LiMO2 structural model (𝑅3̅𝑚), isotypic to LiCoO2, 
where the Li ions occupy the 3(a) sites, M represents the Ni2+, Mn4+ and Co3+ 
ions randomly occupying 3(b) sites and O locates on 6(c) sites. Occupancies 
are considered according to nominal stoichiometries. Mixing between Li and 
transition metal cations did not lead to significant improvement of the residual 
values and therefore was not considered in the refinements of the present 
compounds. The measured and calculated patterns are shown in Figure 4.2.  
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Table 4.4:  Summary of X-ray diffraction and Rietveld refinement of the layered  
LiNixMnxCo1-2xO2 (0 < x ≤ 0.5) samples. Phase fraction is 100 wt% LiMO2 phase 












x 0 0.167 0.333 0.4  0.5 
I(003) / I(104) 1.49 2.00 1.73 1.62 1.13 
a (Å) 2.81607(4) 2.83800(5) 2.86428(4) 2.87646(5) 2.89434(3) 
c (Å) 14.0531(5) 14.1810(6) 14.2618(5) 14.2900(6) 14.3245(4) 
c/a 4.9903(5) 4.9968(6) 4.9791(5) 4.9678(6) 4.9491(4) 
Cell volume (Å3) 96.514(4) 98.915(6) 101.330(5) 102.395(5) 103.923(3) 
(Structural parameters) 
Rp 0.85 1.22 1.43 1.59 1.56 
Rwp 1.09 1.60 1.95 2.34 2.17 
Li3a      
    x 0 0 0 0 0 
    y 0 0 0 0 0 
    z 0 0 0 0 0 
    Occ.Li 1 1 1 1 1 
M3b      
    x 0 0 0 0 0 
    y 0 0 0 0 0 
    z 0.5 0.5 0.5 0.5 0.5 
    Occ.Ni 0 0.66 0.33 0.2 0.5 
    Occ.Mn 0 0.17 0.33 0.4 0.5 
    Occ.Co 1 0.17 0.33 0.4 0 
O6c      
    x 0 0 0 0 0 
    y 0 0 0 0 0 
    z 0.2343(3) 0.2421(6) 0.2427(5) 0.2351(9) 0.2384(8) 
    Occ. 1 1 1 1 1 
1 LiCoO2 
The summary of Rietveld parameters are listed in Table 4.4. Based on the 
powder-XRD results, all studied samples were considered as single phase with 
a well-developed layered structure. The lattice constants a and c, as well as the 
c/a ratio are depicted in Figure 4.3 as functions of x in LiNixMnxCo1-2xO2. 
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Figure 4.3:  Chemical dependency of lattice constants a) a, b) c, c) c/a ratio and d) cell vol-
ume vs. x in LiNixMnxCo1-2xO2 samples compared with the experimental data 
from MacNeil et al. [337], Lu et al. [157], Jiang et al. [329] and Ohzuku and 
Makimura [143]. The linear fits of concatenated data are as Y = α + βX with the 
residual sum of squares (RSS) while the parameters are as follows a) α = 2.8099 
± 0.00299, β = 0.16024 ± 0.00852, and RSS = 0.0034, b) α = 14.09748 ± 0.0128, 
β = 0.43499 ± 0.03647 and RSS = 0.02618, c) α =  5.01632 ± 0.00307,  
β = -0.12635 ± 0.00875 and RSS = 0.00216, d) α =  96.38154 ± 0.079,  
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Both a and c values increase steadily with increasing x, indicating that the 
lattice expands with the substitution of Co3+ in the transition metal layer with 
equimolar amounts of Mn4+ and Ni2+ cations. This is mainly attributed to the 
larger Ni2+ cations (ionic radius of 0.69 Å [93]) replacing half of the Co3+ 
cations (ionic radius of 0.545 Å [93]). Replacing Co3+ ions by Mn4+ ions (ionic 
radius of 0.53 Å [93]) is not expected to significantly influence the lattice 
parameters since both ions have similar cationic radii.  
The c/a ratio increases slightly as x increases up to x = 0.167, and then 
decreases sharply for 0.167 ≤ x ≤ 0.5. Nevertheless, the c/a ratio of all the 
materials was observed to be above 4.94 suggesting good layered 
characteristics [338, 339]. When x increases from 0 to 0.167, the lattice 
expands preferentially in the c-direction. This could be explained considering 
the non-substituted LiCoO2, in which the O2- ions are placed on the general 
6(c) position with the site coordination of (0,0,z) and z = 0.23951(15) [340]. 
The deviation of z from an ideal value of ¼ is possibly due to the relatively 
strong bonding tendency of oxygen to the transition metal, which fills up the 
open spaces in distorted octahedra formed by O2- ions. When Co is substituted 
by small equimolar amounts of Mn4+ and Ni2+, the lattice preferentially 
expands in the c-direction to approach to the ideal z = ¼. Consequently, the 
distortion of the O2- octahedra is lowered, indicating an improved layered 
nature of the crystal structure in LiNi0.167Mn0.167Co0.666O2. This sample 
possesses the highest c/a ratio showing the most layered structure. As the x 
value increases beyond 0.167, the structure expands more in the a,b-direction, 
then the c/a ratio decreases. The observed behavior of the c/a ratio is in 
accordance with the changes of I(003) / I(104) in these samples. The trend of 
the change in the lattice parameters with x is almost linear, which is common 
for a substitution mechanism that is not accompanied by significant attractive 
or repulsive electronic effects. As can be seen in Figure 4.3, the lattice 
parameters determined by Rietveld refinement are in a very good agreement 
with the literature data [157, 329, 337]. The linear trend is also observed by 
Shizuka et al. for 0.3 ≤ x ≤ 0.5 [341]. 
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4.2.2 Effect of calcination temperature on the 
Ni-rich NMCs 
As described in Section 4.1, in order to prepare LiNi0.8-yMnyCo0.2O2 samples 
with the closest chemical formula to the nominal values, the optimum 
calcination temperatures for the samples with y = 0 and 0.1 were investigated.  
In each calcination course, the samples were heated for 15 hours at the final 
temperature and then cooled in air by removing the crucible from the hot 
furnace. The chemical formula and the structural properties of the samples are 
evaluated and used as the criteria for choosing the best calcination temperature.  
4.2.2.1 LiNi0.8Co0.2O2  
A sample with y = 0 was first calcinated at 725 °C, making NMC802-725 
sample. The NMC802-725 sample was then calcinated at 750 °C, 800 °C and 
900 °C, creating NMC802-750, NMC-800 and NMC802-900 samples, 
respectively.  
4.2.2.1.1 Chemical analysis 
The chemical compositions of the NMC802-725, NMC802-750, NMC-800 
and NMC802-900 samples, determined by ICP-OES, carbon analyzer and 
CGHE are listed in Table 4.5 in weight percent. The results show that by 
increasing the calcination temperature the deviation of lithium contents from 
the nominal values increases, while carbon content decreases. The observed 
increase of lithium loss could be explained by more severe volatilization of 
lithium at higher synthesis temperatures [185, 342]. The reduction in carbon 
content by increasing the firing temperature will be discussed later.  
The average oxidation state (AOS) of transition metals in calcinated samples 
are determined by redox titration method. The results are summarized in Table 
4.6 and show that the AOS of transition metals slightly increases as the 
calcination temperature increases. However, the AOS in the sample which is 
heat treated at 725 °C is much lower than the nominal value of 3. This is 
possibly due to the fact that at 725 °C, a part of the Ni cations are still in +2 
oxidation state and not completely oxidized to Ni3+ ions. 
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Table 4.5: Chemical analysis of the NMC802 samples heat-treated at different calcination tem-
peratures along with the nominal compositions. The uncertainties are expanded un-




 ICP-OES (wt%) 
Carbon  
analyzer (wt%) 
CGHE   
(wt%) 
Li Ni Co C O 
725 7.07 ± 0.04  46.1 ± 0.2 11.60 ± 0.06 0.737 ± 0.006 28.3 ± 1.2  
750 6.98 ± 0.06  46.7 ± 0.2 11.84 ± 0.02 0.310 ± 0.010 30.8 ± 1.0  
800 6.79 ± 0.04  47.5 ± 0.4 12.0 ± 0.2 0.138 ± 0.006 29.3 ± 1.2  
900 6.16 ± 0.04  48.8 ± 0.2 12.36 ± 0.04 0.047 ± 0.003 31.3 ± 1.0  
Nominal 7.11 48.07 12.07 0 32.76 
 
The chemical formula is determined in the same way as described in Section 
4.2.1.1 for LiNixMnxCo1-2xO2 samples. In LiαMO2-δ formula two rules should 
be satisfied; first, the sum of the cation occupations on the 3b sites (in the 
transition metal layer) should equal one [157]. Second, the sample should be 
electrically neutral. This means that the sum of the oxidation state of each 
element times its occupation must equal zero. Yet as the carbon contents for 
LiNi0.8-yMnyCo0.2O2 samples were determined, it was assumed that the carbon 
in the sample is in the form of lithium carbonate. Therefore, the amount of 
Li2CO3 in each sample is calculated based on C wt%. The amount of lithium 
and oxygen present in lithium carbonate phase are subtracted from the total 
lithium and oxygen content. Then the remained lithium and oxygen are used 
for the calculation of lithium and oxygen coefficients in the LiαMO2-δ phase. 
Here similar to what done in Section 4.2.1.1 for the LiNixMnxCo1-2xO2 samples, 
the coefficients of oxygen is determined by direct measurement using carrier 
gas hot extraction method as well as by calculation using average oxidation 
state of transition metals. The chemical formula of the NMC802 samples as 
well as their lithium carbonate content are listed in Table 4.7. The variations 
of Li coefficients and oxygen coefficients determined by two methods and the 
values of Li2CO3 phase in wt% as a function calcination temperature in 
NMC802 sample are depicted in Figure 4.4 a-c. 
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Table 4.6:  Summary of the results of redox titration of the NMC802 samples heat-treated at 
different calcination temperatures. For each sample with specific calcination temper-
ature, three samples (Nr. 1 to Nr. 3) are experimented by redox titration.  
Calcination temperature (°C) 725  750 800 
sample mass 
Nr. 1 20.48 20.519 19.913 
Nr. 2 20.375 20.299 20.47 
Nr. 3 19.801 20.442 20.767 
formula weight  96.18 96.18 96.18 
titration factor  1.098 1.098 1.098 
N of KMnO4  0.055 0.055 0.055 
V1 
1 18.21 18.21 18.21 
V2 
2 
Nr. 1 15.85 14.2 14.2 
Nr. 2 15.55 14.2 14.1 
Nr. 3 15.6 14.2 14.1 
ɛ 
Nr. 1 0.61 1.03 1.06 
Nr. 2 0.69 1.04 1.06 
Nr. 3 0.70 1.04 1.05 
average ɛ  0.67 1.04 1.06 
standard deviation  0.049 0.006 0.010 
two standard error  0.056 0.007 0.011 
error %  8.46 0.63 1.07 
AOS  2.67 3.04 3.06 
1 Average value for three blind samples 
2 From titration of the sample  
 
As displayed in Table 4.7 and Figure 4.4 a, when the calcination temperature 
increases, the lithium coefficient initially increases to reach the nominal value 
of one (the dashes line) in NMC802-750 sample. Then in NMC-800 the Li 
coefficients decreases slightly. By further increasing the calcination 
temperature, the Li coefficient noticeably deviates from the ideal value, 
showing a considerable Li evaporation by calcination at 900 °C.  
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Table 4.7: Real chemical formula of LiNixMnxCo1-2xO2 (0 < x ≤ 0.5) samples determined based 
on ICP-OES results and either redox titration or CGHE measurements.  
nominal 
composition 
real composition  
(redox titration) 




725 Li0.91Ni0.8Co0.20O1.88 Li0.91Ni0.8Co0.20O1.61 4.53 
750 Li0.96Ni0.8Co0.20O1.93 Li0.96Ni0.8Co0.20O1.85 1.91 
800 Li0.94Ni0.8Co0.20O1.92 Li0.94Ni0.8Co0.20O1.77 0.85 
900 --- Li0.84Ni0.8Co0.20O1.87 0.29 
 
Figure 4.4: The variations of a) Li coefficients, b) oxygen coefficients determined by two 
methods, namely redox titration (RT) and carrier gas hot extraction (CGHE) and 
c) the values of Li2CO3 phase in wt% as a function of calcination temperature in 
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As can be seen in Figure 4.4 b, the oxygen coefficients generally increase as 
the calcination temperature increases. It is to be noticed that the values of 
oxygen coefficient determined by redox titration are larger than the 
coefficients determined by CGHE for all samples, although the trend of 
changes of oxygen coefficients against y is nearly the same in both methods. 
The oxygen coefficients approach the nominal value of 2 when the calcination 
temperature is above 750 °C and stay almost constant up to the calcination 
temperature of 900 °C. Nonetheless, the NMC802-725 sample has the lowest 
oxygen coefficient value. Li et al. performed XPS analysis of two NMC111 
samples, annealed at 700 °C and 900 °C and also indicated that a lower 
annealing temperature results in the formation of oxygen deficiency [175]. 
As shown in Figure 4.4 c, the content of Li2CO3 decreases constantly as the 
calcination temperature increases. It is known that Li2CO3 is a reaction 
intermediate of the sol-gel process which melts at about 723 °C and reacts with 
the transition metal oxides to produce the lithiated layered structure. Therefore, 
when the calcination temperature is lower, there would be more unreacted 
Li2CO3 phase present in the final product. 
4.2.2.1.2 XRD 
The powder X-ray diffraction patterns of the NMC802 samples with different 
calcination temperatures are depicted in Figure 4.5. The measured 
diffractograms were analyzed by Rietveld refinement method, considering a 
LiMO2 structural model (𝑅3̅𝑚), isotypic to LiNiO2, where the Li ions occupy 
the 3(a) sites and M represents the transition metal cations including Co and 
Ni randomly occupying 3(b) sites. Oxygen anions reside on 6(c) sites with (0, 
0, z) coordinates. The occupancy of Li ions at 3(a) sites and Ni and Co at 3(b) 
sites were obtained from the chemical formula based on ICP-OES data. The 
measured and calculated patterns are shown in Figure 4.5. In this figure the red 
circles are the collected experimental data and the solid black lines are the 
calculated patterns. The summary of Rietveld parameters are listed in Table 
4.8. The lattice constants a and c, the c/a ratio as well as the cell volume are 
depicted in Figure 4.6 as functions of calcination temperature.   
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Figure 4.5:  Powder XRD pattern for NMC802 sample heat-treated at a) 725 °C, b) 750 °C, 
c) 800 °C, and d) 900 °C. 
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Table 4.8: Summary of X-ray diffraction and Rietveld refinement of the layered NMC802  
sample heat-treated at 725 °C, 750 °C, 800 °C, and 900 °C. Phase fraction is 100 
wt% LiMO2 phase with 𝑅3̅𝑚 space group, for all samples.  
Calcination  
temperature (°C) 
725 750 800 900 
I(003) / I(104) 1.50 1.54 1.94 1.59 
a (Å) 2.86987(3) 2.86755(2) 2.86809(3) 2.87301(3) 
c (Å) 14.1820(4) 14.1694(3) 14.1783(3) 14.1812(3) 
c/a 4.9417(4) 4.9413(4) 4.9435(4) 4.9360(4) 
Cell volume (Å3) 101.156(3) 100.903(2) 101.004(3) 101.372(3) 
(Structure  parameters) 
Rp 0.93 0.98 1.25 1.31 
Rwp 1.42 1.46 1.86 2.31 
Li3a     
    x 0 0 0 0 
    y 0 0 0 0 
    z 0 0 0 0 
    Occ. 0.91 0.91(54) 0.94 0.84 
M3b     
    x 0 0 0 0 
    y 0 0 0 0 
    z 0.5 0.5 0.5 0.5 
    Occ.Ni 0.8 0.80(5) 0.8 0.8 
    Occ.Mn 0 0 0 0 
    Occ.Co 0.2 0.2 0.2 0.2 
O6c     
    x 0 0 0 0 
    y 0 0 0 0 
    z 0.2432(4) 0.2438(3) 0.2432(5) 0.2424(5) 
    Occ. 0.888(8) 0.889(7) 0.8948(97) 0.822(12) 
1 Pre-calcinated powder is calcinated at 800 °C for 15 hours in air. 
2 Pre-calcinated powder is calcinated at 850 °C for 15 hours in air. 
 
In each pattern, all peaks were indexed according to the rhombohedral layered 
α-NaFeO2-type structure (𝑅3̅𝑚 space group, No. 166) which is the common 
structure for the layered LiNiO2. For all samples, the peak with the highest 
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intensity was observed to be the (003) line. By increasing the calcination 
temperature, the samples remain single phase with an α-NaFeO2-type 
structure. If lithium carbonate is present in the studied samples, its amount is 
less than the detection limit of XRD, which is typically 5 wt%.  
 
Figure 4.6: Variations of the lattice constants a) a, b) c, c) c/a ratio and d) cell volume by 
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An obvious peak splitting between the (006) and (102) as well as between the 
(108) and (110) pairs is observed for all samples indicating the presence of the 
layered structure. Here similar to Section 4.2.1.2 , the value of the integrated 
intensity ratios of (003) peak to (104) peak is evaluated as an indication of the 
degree of cation mixing in the layered compounds [336]. A larger I(003) / 
I(104) ratio implies that the sample is more highly ordered [343]. Generally, 
the disorder of the layer occupancy takes place when the I(003) / I(104) ratio 
is below 1.2 [61]. As shown in Table 4.8, the intensity ratio of I(003) / I(104) 
first increases as the calcination temperature increases up to 800 °C. However, 
in the NMC802 sample heat treated at 900 °C, the I(003) / I(104) value drops 
drastically. The NMC802-800 sample shows the highest I(003) / I(104) value 
of 1.94 indicating the minimum cation mixing.   
By increasing the calcination temperature, a , c and cell volume first decreases 
up to 750 °C and then increases with further increase of calcination 
temperature. The c/a ratio of all the materials was observed to be above 4.94 
for all samples suggesting good layered characteristics [338, 339]. However, 
the c/a ratio increases to its maximum value in NMC802-800 sample and then 
decreases when the sample is heat treated at 900 °C, indicating the best 2D 
character and the highest layered structure among other NMC802 samples.  
4.2.2.2 LiNi0.7Mn0.1Co0.2O2  
For the samples with y =  0.1, initially the calcination temperatures of 850 °C 
was used (NMC712-850 sample) and subsequently a part of the NMC712-850 
sample was calcinated at 900 °C (NMC712-900). 
4.2.2.2.1 Chemical analysis  
The chemical compositions of the NMC712-850 and NMC712-900 samples in 
weight percent, determined by ICP-OES, carbon analyzer and CGHE along 
with the nominal values are listed in Table 4.9. The results reveal reductions 
in lithium and carbon contents that increase by increasing the calcination 
temperature. Similar to the previous samples, the Li losses here are also 
attributed to volatilization of lithium at the high synthesis temperature [185, 
342].  
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Table 4.9: Chemical analysis of the NMC712 samples heat-treated at different calcination tem-
peratures and the nominal compositions. The uncertainties are expanded  




 ICP-OES (wt%) 
Carbon  
analyzer (wt%) 
CGHE   
(wt%) 
Li Ni Co C O 
850 7.01 ± 0.06 41.2 ± 0.2 12.00 ± 0.06  0.187 ± 0.006 29.5 ± 1.6 
900 6.19 ± 0.06  43.0 ± 0.2 12.48 ± 0.06 0.0431 ± 0.010 29.8 ± 0.8 
Nominal 7.13 42.22 12.11 0 32.88 
 
The average oxidation state (AOS) of transition metals in NMC712-850 is 
determined by redox titration method as 2.95. The chemical formula are 
determined in the same way as described in Section 4.2.2.1.1. The chemical 
formula of the NMC712 samples calculated based on carrier gas hot extraction 
method as well as by calculation using average oxidation state of transition 
metals together with their lithium carbonate content are listed in Table 4.10. 
As shown in Table 4.10, by increasing the calcination temperature from  
850 °C to 900 °C, the decline of lithium coefficients and oxygen coefficients 
from their nominal values increases. Therefore, it seems that the NMC712-850 
sample is closer to the nominal composition.  
Table 4.10: Real chemical formula of NMC712 samples heat-treated at different calcination  
temperatures, determined based on ICP-OES results and either redox titration (RT) 
or carrier gas hot extraction (CGHE) measurements.  
Calcination  
temperature (°C) 






850 Li0.97Ni0.7Mn0.1Co0.2O1.96 Li0.97Ni0.7Mn0.1Co0.2O1.79 1.15 
900              --- 1 Li0.84Ni0.7Mn0.1Co0.2O1.76 0.27 
1 Not determined  
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4.2.2.2.2 XRD 
The powder X-ray diffraction patterns of the NMC712 samples with two 
different calcination temperatures are depicted in Figure 4.7. The measured 
diffractograms were analyzed using the Rietveld refinement method, similar to 
NMC802 samples. The measured and calculated patterns are shown in Figure 
4.7. The summary of Rietveld parameters are listed in Table 4.11.  
 
Figure 4.7:  Powder XRD pattern for LiNi0.7Mn0.1Co0.2O2 sample heat treated at a) 850 °C 
(NMC712-850 sample) and b) 900 °C (NMC712-900 sample). 
For each pattern, all peaks were indexed according to the rhombohedral 
layered α-NaFeO2-type structure (𝑅3̅𝑚 space group, No. 166). For both 
samples, the peak with the highest intensity was observed to belong to the (003) 
line. By increasing the calcination temperature, the NMC712 samples remain 
single phase with α-NaFeO2-type structure. An obvious peak splitting between 
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the (006) and (102) as well as between the (108) and (110) pairs is an indication 
of the presence of the layered structure. 
Table 4.11:  Summary of X-ray diffraction and Rietveld refinement of the LiNi0.7Mn0.1Co0.2O2 
sample heat treated at 850 °C and 900 °C. Phase fraction is 100 wt% LiMO2 phase 
with 𝑅3̅𝑚 space group, for all samples.  
Calcination temperature (°C) 850 900 
I(003) / I(104) 1.37 1.56 
a (Å) 2.86870(2) 2.87520(3) 
c (Å) 14.1978(3) 14.2145(3) 
c/a 4.9492(3) 4.9438(3) 
Cell volume (Å3) 101.186(3) 101.765(3) 
(Structure parameters) 
Rp 0.91 1.26 
Rwp 1.41 2.01 
Li3a   
    x 0 0 
    y 0 0 
    z 0 0 
    Occ. 0.97 0.84 
M3b   
    x 0 0 
    y 0 0 
    z 0.5 0.5 
    Occ.Ni 0.7 0.7 
    Occ.Mn 0.1 0.1 
    Occ.Co 0.2 0.2 
O6c   
    x 0 0 
    y 0 0 
    z 0.2436(3) 0.2432(5) 
    Occ. 0.913(7) 0.865(11) 
 
In addition, the value of the integrated intensity ratios of the (003) peak to the 
(104) peak revealed in Table 4.11 increases as the calcination temperature 
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increases, indicating less cation mixing [336]. However, the intensity ratio of 
I(003) / I(104) is greater than 1.2 for both samples, meaning that no undesirable 
cation mixing took place. The c/a ratio decreases slightly by increasing the 
calcination temperature from 850 °C to 900 °C. The c/a ratio of both samples 
was still above 4.94, showing good layered characteristics [338, 339].  
Overall, considering the chemical formula and the structural properties, it 
seems that for NMC712 sample calcination at 750 °C is a more optimized 
synthesis condition.  
4.2.3 LiNi0.8-yMnyCo0.2O2 series  
4.2.3.1 Chemical analysis 
The chemical compositions of the LiNi0.8-yMnyCo0.2O2 samples determined by 
ICP-OES, carbon analyzer and CGHE are listed in Table 4.12 in weight 
percent. The results for transition metals were found to be very close to the 
nominal values with a maximum of 2.9 % relative difference in Ni content of 
the NMC442 sample. However, there were small Li losses. The highest Li 
losses were observed in the NMC622 and NMC802 samples with 5.59 % and 
6.33 % relative difference with nominal values, respectively. Similar to 
previous samples, the Li losses here are also attributed to volatilization of 
lithium at the high synthesis temperature and are common for the preparation 
of Ni-rich compositions [185, 342]. The oxygen contents determined by CGHE 
are up to 10.4 % (in sample NMC712) less than the nominal values. This is 
similar to the trend observed for LiNixMnxCo1-2xO2 samples.  
The average oxidation state (AOS) of transition metals is determined by redox 
titration method as described in Chapter 3. The results are summarized in Table 
4.13 and show that as y in LiNi0.8-yMnyCo0.2O2 increases, the AOS of transition 
metals slightly increases. However, in all samples, the AOS values are within 
a small range in the vicinity of the nominal value of 3.  
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Table 4.12:  Chemical analysis of the layered LiNi0.8-yMnyCo0.2O2 (0 < y ≤ 0.4) samples. The  
values in brackets correspond to the nominal compositions. The uncertainties are  
expanded uncertainties of three sample repetition with a confidence level of p ≈ 95% 























Li Ni Mn Co C O 
NMC442 1 7.24 ± 0.12 
[7.22] 
23.7 ± 0.4 
[24.41] 
22.51 ± 0.40 
[22.85] 
12.03 ± 0.22 
[12.25] 
0.090 ± 0.008 31.8 ± 0.8 
[33.3] 




16.78 ± 0.08 
[17.07] 
12.07 ± 0.04 
[12.21] 
0.060 ± 0.004 31.8 ± 1.8 
[33.1] 
NMC622 6.76 ± 0.02 
[7.16] 
36.13 ± 0.08 
[36.33] 
11.33 ± 0.02 
[11.34] 
12.24 ± 0.02 
[12.16] 
0.046 ± 0.004  29.9 ± 1.0 
[33.0] 
NMC712 2 7.01 ± 0.06 
[7.13] 
41.2 ± 0.2 
[42.22] 
5.53 ± 0.02 
[5.65] 
12.00 ± 0.06 
[12.11] 
0.187 ± 0.006 29.5 ± 1.6 
[32.9] 
NMC802 3 6.66 ± 0.04 
[7.11] 
48.01 ± 0.16 
[48.07] 
0 12.09 ± 0.04 
[12.07] 
0.130 ± 0.001 --- 4 
1 NMC442 of LiNi0.8-yMnyCo0.2O2 series (with excess Li) 
2 Calcinated at 850 °C for 15 hours in air. 
3 Calcinated at 800 °C for 15 hours in air. 
4 Not determined. 
 
In general, the chemical formula is determined in the same way as described 
in Section 4.2.1.1 for LiNixMnxCo1-2xO2 samples. In LiαMO2-δ formula two 
rules should be satisfied; first, the sum of the cation occupations on the 3b sites 
(in the transition metal layer) should equal one [157]. Second, the sample 
should be electrically neutral. This means that the sum of the oxidation state of 
each element multiplied by its occupation must equal zero. Yet, as the carbon 
content for LiNi0.8-yMnyCo0.2O2 samples were determined, it was assumed that 
the carbon in the sample is in the form of lithium carbonate. Therefore, the 
amount of Li2CO3 in each sample is calculated based on C wt%. The amount 
of lithium and oxygen present in lithium carbonate phase are subtracted from 
the total lithium and oxygen content. Then the remained lithium and oxygen 
are used for the calculation of lithium and oxygen coefficient in the LiαMO2-δ 
phase.  
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Table 4.13:  Summary of the results of redox titration of the layered LiNi0.8-yMnyCo0.2O2 (0 < y ≤ 
0.4) samples. For each composition, three samples (Nr. 1 to Nr. 3) are measured.  
Sample Nr. 
NMC 










1 20.267 20.339 19.997 20.137 20.168 
2 20.884 20.351 20.445 20.2 20.284 
3 20.841 20.731 20.17 20.424 --- 
formula weight  96.18 96.55 96.93 97.31 97.68 
titration factor  1.075 1.075 1.075 1.078 1.098 
N of KMnO4  0.054 0.054 0.054 0.054 0.055 
V1 
4  18.60 18.60 18.60 18.55 18.21 
V2 
5 
1 14.55 14.55 14.8 14.85 14.75 
2 14.45 14.5 14.8 14.85 14.7 
3 14.5 14.55 14.85 14.9 --- 
ɛ 
1 1.03 1.03 0.99 0.96 0.92 
2 1.03 1.05 0.97 0.96 0.93 
3 1.02 1.01 0.97 0.94 --- 
average ɛ  1.03 1.03 0.98 0.95 0.92 
standard deviation 0.008 0.016 0.012 0.014 0.006 
two standard error 0.009 0.018 0.014 0.017 0.008 
error %  0.92 1.79 1.47 1.75 0.86 
AOS  3.03 3.03 2.98 2.95 2.92 
1 NMC442 of LiNi0.8-yMnyCo0.2O2 series (with excess Li) 
2 Calcinated at 850 °C for 15 hours in air. 
3 Calcinated at 800 °C for 15 hours in air. 
4 Average value for three blind samples 
5 From titration of the samples. 
 
Here similar to Section 4.2.1.1 for LiNixMnxCo1-2xO2 samples, the coefficient 
of oxygen is determined by direct measurement using carrier gas hot extraction 
method as well as by calculation using average oxidation state of transition 
metals. The chemical formula of LiNi0.8-yMnyCo0.2O2 samples calculated based 
on both methods as well as their lithium carbonate content are listed in Table 
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4.14. The values of Li2CO3 phase in wt% along with the oxygen coefficients 
in LiNi0.8-yMnyCo0.2O2 samples determined by two methods, namely redox 
titration and carrier gas hot extraction, are depicted in Figure 4.8. 
Table 4.14:  Real chemical formula of LiNi0.8-yMnyCo0.2O2 (0 < y ≤ 0.4) samples determined based 
on ICP-OES and carbon analysis results and either redox titration or CGHE  
measurements. 
Sample 






NMC442 1 Li1.01Ni0.4Mn0.4Co0.2O2.02 Li1.01Ni0.4Mn0.4Co0.2O1.93 0.55 
NMC532 Li0.99Ni0.5Mn0.3Co0.2O2.01 Li0.99Ni0.5Mn0.3Co0.2O1.94 0.37 
NMC622 Li0.94Ni0.6Mn0.2Co0.2O1.96 Li0.94Ni0.6Mn0.2Co0.2O1.80 0.28 
NMC712 2 Li0.97Ni0.7Mn0.1Co0.2O1.96 Li0.97Ni0.7Mn0.1Co0.2O1.79 1.15 
NMC802 3 Li0.92Ni0.8Co0.2O1.92                 --- 
4 0.80 
1 NMC442 of LiNi0.8-yMnyCo0.2O2 series (with excess Li) 
2 Pre-calcinated powder is calcinated at 850 °C for 15 hours in air. 
3 Pre-calcinated powder is calcinated at 800 °C for 15 hours in air. 
4 Not determined. 
 
As can be seen in Table 4.14 and Figure 4.8, in almost all samples the 
coefficient of Li is close to one which shows negligible Li loss during the 
synthesis process. The NMC802 sample has the lowest lithium coefficient of 
0.92 despite its lowest calcination temperature (800 °C) compared to the other 
samples. This is possibly due to its higher Ni content and the complications 
associated with the preparation of stoichiometric LiNiO2 phase [90]. The 
values of oxygen coefficient determined by redox titration are larger than the 
coefficients determined by CGHE for all samples, even though the trend of 
changes of oxygen coefficients against y is almost the same in both methods. 
The oxygen coefficients in the formula of samples with y = 0.4, 0.3, 0.2 and 
0.1 are closer to the nominal value of 2 (shown by dashed line in Figure 4.8). 
Nonetheless, in the NMC802 sample (y = 0), the oxygen coefficient has the 
lowest value. This is due to the difficulty of stabilizing trivalent nickel cations 
through high temperature calcination in air. The average oxidation state of 
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transition metal in NMC802 sample which is less than +3 is compensated by 
oxygen deficiency.  
 
Figure 4.8:  The oxygen coefficients in LiNi0.8-yMnyCo0.2O2 samples determined by two 
methods, namely redox titration and carrier gas hot extraction (left Y axis) and 
the values of Li2CO3 phase in wt% (right Y axis) as a function of y. 
It has been shown that the lithium residual species are present on the surface 
of LiNiO2 and its analogues NMC compounds [344–346]. There are two 
possible sources for the Li2CO3 impurity phase. The first source is related to 
the fact that the excess of lithium is required for preparing highly ordered Ni-
rich layer compounds [61, 228], residual lithium which is not incorporated into 
the layered structure can remain on the surface of the active materials. This 
lithium reacts with the moisture and CO2 from air, in the case of present work 
during grinding and transfer processes thus forming LiOH and Li2CO3 [347]. 
In addition, as mentioned before, Li2CO3 is a reaction intermediate of the sol-
gel process which melts at about 723 °C and reacts with the transition metal 
oxides to produce the lithiated layered structure. If the calcination temperature 
and time is not enough, depending on the composition and morphology of the 
synthesized powder, there might be some unreacted Li2CO3 phase present in 
the final product. 
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Comparing the amount of lithium carbonate in samples heat treated at 900 °C, 
namely NMC442, NMC532 and NMC622, the content of Li2CO3 increases 
slightly as y increases. This could be attributed to higher residual excess 
lithium in samples with lower Ni content. NMC802 and NMC712 contain 
higher amounts of lithium carbonate. This might be related to the lower 
calcination temperatures of these samples which are closer to the 
decomposition temperature of lithium carbonate and higher residual carbonate 
from the synthesis process. However, the amount of Li2CO3 impurity phase in 
all samples is maximum 1.2 wt%. These amounts of impurity phase are 
negligible considering their effect of the further thermal and thermochemical 
investigations performed on powder samples in the present work.  
4.2.3.2 Morphology 
The scanning electron microscopy (SEM) micrographs with secondary 
electron detector are displayed in Figure 4.9- a-e. These figures show the 
surface morphology of as-calcinated LiNi0.8-yMnyCo0.2O2 samples. Two 
different magnifications are given for each sample. The SEM images of the 
sol-gel products show that the as-calcinated powders are secondary particles 
agglomerated from highly packed primary particles. The primary particles are 
almost uniform and spherical crystalline grains. The particle size gradually 
increases as y in LiNi0.8-yMnyCo0.2O2 decreases. The NMC442 sample has a 
small particle size about 200 nm while the particle size of NMC802 sample is 
up to 1 µm. The particles have defined edges consistent with the high 
crystallinity resulting from the high temperature heating, which was also 
indicated by sharp X-ray diffraction reflections. At high magnification, the 
SEM pictures of the surface of the sample reveal very small dust-like particles 
on the surface of primary NMC particles in NMC622, NMC712 and NMC802 
samples. However, these small particles were not evenly distributed on the 
surface of agglomerates. It was speculated that these are lithium carbonate 
phase forming on the surface of NMC particles. These impurity phases are 
possibly formed through the reaction of lithium from the NMC phase with the 
carbon dioxide or humidity from the air during calcination and/or grinding 
processes. As can be seen in Figure 4.9, the amount of lithium carbonate 
generally increases as y in LiNi0.8-yMnyCo0.2O2 decreases. This means that the 
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samples with higher Ni content are more prone to the contamination with air 
and to the formation of superficial impurity phases. 
4.2.3.3 XRD 
The powder X-ray diffraction patterns of the as-calcinated LiNi0.8-yMnyCo0.2O2 
samples for different y values are depicted in Figure 4.10. For each pattern, all 
reflections were indexed according to the rhombohedral layered α-NaFeO2-
type structure (𝑅3̅𝑚 space group, No. 166) which is the common structure for 
the layered LiNiO2. For all samples prepared in this series, the strongest line 
was observed as being the (003) line. By increasing y, through substitution of 
Mn4+ and Ni2+ for Ni3+, the LiNi0.8-yMnyCo0.2O2 series remains single phase 
with α-NaFeO2-type structure. Comparing the patterns, one can see that by 
increasing y, the characteristic intensity reflections shift slightly to lower 2 
Theta values, indicating a change in the lattice parameters. An obvious peak 
splitting between the (006) and (102) as well as between the (108) and (110) 
pairs is the indication of the presence of the layered structure due to the 
distortion of the oxygen sub-lattice in the hexagonal c direction [335]. Based 
on the powder-XRD results, all synthesized LiNi0.8-yMnyCo0.2O2 samples were 
considered as single phase with a well-developed layered structure. 
Similar to Section 4.2.1.2, the value of the integrated intensity ratios of (003) 
peak to (104) peak is evaluated as an indication of the degree of cation mixing 
in the layered compounds [336]. A larger I(003) / I(104) ratio implies that the 
sample is more highly ordered [343]. Generally, the disorder of the layer 
occupancy takes place when the I(003) / I(104) ratio is below 1.2 [61]. As 
shown in Table 4.15, the intensity ratio of I(003) / I(104) is greater than 1.2 for 
all samples, meaning that no undesirable cation mixing has taken place. The 
NMC622 sample shows the lowest I(003) / I(104) value of 1.29. However, no 
clear correlation between the I(003) / I(104) value and y in LiNi0.8-yMnyCo0.2O2  
was found. 
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a)   
b)   
c)   
d)   
e)   
Figure 4.9:  SEM micrographs of LiNi0.8-yMnyCo0.2O2 as-calcinated powders; a) NMC442,  
b) NMC532, c) NMC622, d) NMC712 and e) NMC802 taken by secondary  
electron detector. Pictures on the right are at circa 5 times higher magnification. 
Synthesis and characterization 
121 
In the previously reported works on  NMC samples with constant Co contents, 
different trends were observed. Liao et al. [197] reported that the intensity ratio 
of I(003) / I(104) decreases in the LiNi0.75-yMnyCo0.25O2 materials as y 
increases. Gu et al. [348] however found a non-linear behavior between the 
intensity ratios of I(003) / I(104) and y increases in the LiNi0.85-yMnyCo0.15O2 
sample which was different from the behavior observed in the present work. 
The discrepancy between different reports might be related to the difference in 
the investigated compositions. It may also be explained by the fact that in the 
present work different calcination temperatures are employed for different 
studied compositions while the above references [197, 348] calcinated all 
samples at 900 °C.   
The measured diffractograms were analyzed by the Rietveld refinement 
method, considering a LiMO2 structural model (𝑅3̅𝑚), isotypic to LiNiO2, 
where the Li ions occupy the 3a sites and M represents the transition metal 
cations including Mn, Co and Ni randomly occupying 3b sites. Oxygen anions 
reside on 6c (0, 0, z) sites. The occupancy of Li ions at 3a sites and Ni, Mn and 
Co at 3b sites were introduced from chemical formula based on ICP-OES data. 
The measured and calculated patterns are shown in Figure 4.10. The red circles 
are the collected experimental data and the solid black lines are the calculated 
pattern. The summary of Rietveld parameters are listed in Table 4.15.  
The lattice constants a and c, the c/a ratio as well as the cell volume are 
depicted in Figure 4.11 as functions of y in LiNi0.8-yMnyCo0.2O2. For all graphs 
in Figure 4.11 a-d, the same scale as in the Figure 4.3 are used to facilitate the 
comparison. By increasing y, a value does not change considerably while c 
value shows a steady increase. This suggests that when y increases, the lattice 
expands preferentially in the c-direction. The cell volume also increase 
gradually as y increases for the entire range of 0 ≤ y ≤ 0.4. This indicates that 
by increasing y, the lattice expands with the substitution of Ni3+ with Mn4+ and 
Ni2+ cations in the transition metal layer. This is mainly attributed to the larger 
Ni2+ cations (ionic radius of 0.69 Å [93]) replacing Ni3+ cations (ionic radius 
of 0.56 Å [93]) with smaller cationic radii.  
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Figure 4.10:  Powder XRD pattern for LiNi0.8-yMnyCo0.2O2; y = (a) 0, (b) 0.1, (c) 0.2, (d) 0.3 
and (e) 0.4. 
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Table 4.15:  Summary of X-ray diffraction and Rietveld refinement of the layered  
LiNi0.8-yMnyCo0.2O2 (0 < y ≤ 0.4) samples. Phase fraction is 100 wt% LiMO2 phase 












y 0 0.1 0.2 0.3  0.4 
I(003) / I(104) 1.87 1.37 1.29 1.42 1.35 
a (Å) 2.86935(3) 2.86870(2) 2.87352(3) 2.87284(3) 2.87465(4) 
c (Å) 14.1764(3) 14.1978(3) 14.2328(3) 14.2477(4) 14.2674(5) 
c/a 4.9406(3) 4.9492(3) 4.9531(3) 4.9595(5) 4.9632(6) 
Cell volume (Å3) 101.080(3) 101.186(3) 101.777(3) 101.836(3) 102.105(5) 
(Structure Parameters) 
Rp 1.58 0.91 1.02 1.12 1.13 
Rwp 2.39 1.41 1.62 1.55 1.59 
Li3a      
   x 0 0 0 0 0 
   y 0 0 0 0 0 
   z 0 0 0 0 0 
   Occ. 0.92 0.97 0.94 0.99 1.01 
M3b      
   x 0 0 0 0 0 
   y 0 0 0 0 0 
   z 0.5 0.5 0.5 0.5 0.5 
   Occ.Ni 0.8 0.7 0.6 0.5 0.4 
   Occ.Mn 0 0.1 0.2 0.3 0.4 
   Occ.Co 0.2 0.2 0.2 0.2 0.2 
O6c      
   x 0 0 0 0 0 
   y 0 0 0 0 0 
   z 0.2430(4) 0.2436(3) 0.2429(4) 0.2425(4) 0.2439(4) 
   Occ. 0.892(9) 0.913(7) 0.910(9) 0.943(9) 0.941(10) 
1 Pre-calcinated powder is calcinated at 800 °C for 15 hours in air. 
2 Pre-calcinated powder is calcinated at 850 °C for 15 hours in air. 
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Figure 4.11:  Chemical dependency of lattice constants a) a, b) c, c) c/a ratio and d) cell  
volume vs. y in LiNi0.8-yMnyCo0.2O2 samples compared with the experimental 
data from Kim et al. [349], Ngala et al. [182] , Dou and Wang [350] , Lee et al. 
[351], Kosova et al. [352], Tang et al. [353], Ban et al. [354], Ma et al. [185], 
Soo et al. [355], Hua et al. [245], Martha et al. [275]. The linear fits of concate-
nated data are as Y = α + βX with the residual sum of squares (RSS) while the 
parameters are as follows a) α = 2.86844 ± 0.00238, β = 0.0085 ± 0.00801, and 
RSS = 0.0004, b) α = 14.17003 ± 0.01134, β = 0.24679 ± 0.03818 and RSS = 
0.0079, c) α =  4.94011 ± 0.00221, β = 0.07127 ± 0.00745 and  
RSS = 0.0003, d) α =  100.86784 ± 0.26176, β = 3.98259 ± 0.95937 and RSS = 
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The c/a ratio also increases by increasing y. The c/a ratio was observed to be 
above 4.94 for all samples, suggesting good layered characteristics [338, 339]. 
Increasing y, the distortion of the O2- octahedra is lowered, indicating an 
increase in the 2D character and an increased layered nature of the crystal 
structure. The trend of the changes in the lattice parameters with y is almost 
linear, which is common for a substitution mechanism that is not accompanied 
by significant attractive or repulsive electronic effects. As can be seen in Figure 
4.11, the lattice parameters determined by Rietveld refinement are in a very 
good agreement with the literature data.  
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5 Thermal stabilities of LiNi0.8-
yMnyCo0.2O2 
In this chapter, thermal stabilities of LiNi0.8-yMnyCo0.2O2 compounds for y = 0, 
0.1, 0.2, 0.3 and 0.4 are investigated using simultaneous differential thermal 
analysis - thermal gravimetry (DTA / TG). The amount of mass losses and the 
temperatures of decomposition are compared for different compositions. In 
addition, the phases which are formed after the decomposition reaction are 
determined by X-ray diffraction data.  
5.1 Experimental 
DTA / TG measurements are performed using a Setaram-SETSYS device 
which is introduced in Section 3.3.1. For the measurements, pellets of 3 mm 
diameter and an approximate mass of 15 mg from the calcinated powders were 
prepared. The powder was pressed using a hand press and an applied pressure 
of approximately 150 MPa. High purity argon gas (mass fraction purity of 
99.9999 %) was used as the purge gas and the measurements were performed 
in alumina crucibles. In the measurement, the samples were heated and cooled 
according to the temperature program shown in Figure 5.1 with the heating rate 
of 10 K·min-1 and gas flow rate of 20 mL·min-1. The program includes two 
cycles of heating up to 720 °C to check the thermal stability of different 
compositions up to the temperature used for high temperature drop solution 
calorimetry experiments which is described in Chapter 3. The next two cycles, 
heated the sample up to a higher threshold, i.e., 1000 °C to examine the 
possibility of decomposition and the resulting mass loss.  
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Figure 5.1:  Furnace temperature recorded in DTA / TG experiments including two heating / 
cooling cycles up to 720 °C followed by two cycles up to 1000 °C. 
5.2 Results and discussion 
Figure 5.2 shows the results of simultaneous DTA / TG experiments on  
LiNi0.8-yMnyCo0.2O2 compounds for y = 0.4 (NMC442), 0.3 (NMC532), 0.2 
(NMC622), 0.1 (NMC712) and 0 (NMC802). Looking at the first two heating 
/ cooling cycles which have a maximum temperature of 720 °C, there is no 
evidence of any peaks on the heat flow signal for none of the compositions. 
The mass losses at the end of the second cycles are below 1 % for NMC442, 
NMC532, NMC622 and NMC712. In the case of NMC802, the respective 
mass loss is about 1.15 wt%.  
The mass loss during the first heating cycle starts at around 100 °C for all 
compositions and could be attributed to the removal of different water contents 
from the samples. At around 25 - 140 °C the mass loss might be due the lattice 
water and at about 140 - 240 °C, due to coordinated water [356]. Apart from 
this low temperature mass loss, no other considerable mass loss happened up 
to 720 °C for all samples. During the first cooling, and the second heating and 
cooling cycles there was no considerable mass changes. Therefore, it could be 
concluded that LiNi0.8-yMnyCo0.2O2 samples do not decompose in argon 
atmosphere up to 720 °C and are stable samples for the high temperature drop 
solution calorimetry experiments. 
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Figure 5.2:  The results of simultaneous DTA / TG measurements including heat flow signal 
(upper graph) and mass changes (lower graph) for (a) NMC442, (b) NMC532, 
(c) NMC622, (d) NMC712, (e) NMC802 samples. All signals are corrected by 
subtracting the respective zero measurement from the sample measurements,  
except the heat flow signal of NMC802, due to unsatisfactory baseline quality. 
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By increasing the temperature, the behavior of the samples with different 
compositions differ from each other. In the case of NMC442 and NMC532, 
the heat flow signals of third heating cycles, which heat up the sample up to 
1000 °C, show no obvious peak. The mass loss during third heating cycle is 
about 0.2 % and 0.7 % for NMC442 and NMC532, respectively. The results 
may indicate that the initial O3 phase in NMC442 and NMC532 is stable up to 
1000 °C under flowing argon.  
However, in the case of NMC622 sample, the heat flow signal of the third 
heating cycle shows a wide endothermic peak initiating at around 823 °C and 
the signal does not return to its baseline level even until 1000 °C. During the 
third heating cycle of NMC622, an accompanying mass loss of approximately 
1.4 % takes place. This mass loss may be attributed to the mass of released 
oxygen during decomposition of the initial layered structure. Over holding 
time at 1000 °C, the mass loss continues for about 1 % which shows that the 
decomposition reaction is not complete during dynamic heating to 1000 °C 
using the applied heating rate. During subsequent cooling and heating cycles, 
no considerable mass change and no evident reaction takes place. The absence 
of reverse reaction is due to the fact that the experiments are performed in 
flowing argon where the reaction products are purged and no oxygen is 
available for the reaction to occur in the reverse direction.  
A similar peak is observed on the heat flow signal of the third heating cycle 
for NMC712 and NMC802, starting at approximately 748 °C and 720 °C, 
respectively. The corresponding mass losses during the third heating courses 
are 3.2 % and 3.7 % for NMC712 and NMC802, respectively. During holding 
at 1000 °C, NMC 712 loses 1 % of its weight while this value is 0.8 % for 
NMC 802. This indicates a more complete decomposition reaction until  
1000 °C for NMC 802, as confirmed by a complete peak on the heat flow signal 
of the third heating cycle for this sample.  
As mentioned in Section 3.3.1, the reactions related to mass changes are 
reflected as peaks in the DTA curve as well as in both the direct and first 
derivative of TG curves with respect to time (or temperature, if the heating rate 
is constant). The heat flow signal and the first derivative of the mass loss with 
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respect to sample temperature for the third heating cycle of all samples are 
depicted against sample temperature in Figure 5.3.  
 
Figure 5.3:  Results of simultaneous DTA / TG measurements: a) Heat flow signal of third 
heating cycle, as in Figure 5.2 and b) the first derivative of mass loss signal W 
(see Figure 5.2) with respect to sample temperature, depicted versus sample  
temperature for respective NMC samples. In b) the dW/dT signal is smoothed 
using adjacent averaging method (500 points).  
The peaks discussed above are visible in both curves, and are even more 
obvious in the dW/dT curves. Therefore, for the more accurate determination 
of the onset temperature of the decomposition reaction the dW/dT curves are 
used. The values of mass losses during different cycles as well as the 
corresponding onset temperatures of the decomposition reaction are listed in 
Table 5.1. The uncertainties of the onset temperatures are calculated as 
combined Type B uncertainty based on the uncertainty of the calibration 
equation of the device (Equation (3.8)) and the uncertainty of the resolution of 
the signal. 
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Table 5.1:  The values of the mass losses during different cycles of DTA / TG experiments and 
the corresponding decomposition temperatures extracted from Figure 5.2. 
Sample Mass loss of 1st 
heating (%) 
Mass loss of 3rd 
heating (%) 1 
Mass loss at 
1000 °C (%) 2 
Onset temperature 
(TG) 3 (°C) 
NMC442 0.50 0.18 0.11 --- 
NMC532 0.64 0.69 0.69 865.8 ± 3.0 
NMC622 0.36 1.37 0.98 823.0 ± 2.7 
NMC712 0.35 3.14 0.98 748.3 ± 2.4 
NMC802 0.18 3.71 0.82 719.4 ± 2.5 
1 Normalized with respect to sample’s mass at the beginning of third heating cycle. 
2 The mass loss during holding time at 1000 °C after third dynamic heating. 
3 Determined as the temperature at which the first derivation of mass loss against temperature 
(third heating cycle) starts deviating from zero.  
 
In order to investigate the decomposition reaction and explore the products of 
the decomposition, the samples were studied after DTA / TG measurements by 
powder-XRD and Rietveld refinement. The measured XRD patterns and the 
calculated patterns are shown in Figure 5.4. In the case of NMC442, NMC532 
and NMC622 the samples are found to be single phase structures with 𝑅3̅𝑚 
space group. However, the intensity ratio of (003) to (104) Bragg peaks has a 
descending trend from NMC442 sample to NMC532 and then to NMC622 
sample. In NMC712 and NMC802 samples, a phase with 𝐹𝑚3̅𝑚 space group 
is found to be present as the main phase while the 𝑅3̅𝑚 phase comprises the 
second phase. The weak diffraction lines marked by asterisks in Figure 5.4 (d) 
and (e) could stem from the traces of Li2O. The origin of the peak marked by 
inverse triangle (at 2θ ≈ 23.5°) in Figure 5.4 (e) is not clear and it could not be 
attributed to cubic spinel structure (𝐹𝑑3̅𝑚). The details of Rietveld refinement 
of all samples are presented in Table 5.2. In the case of NMC442, NMC532 
and NMC622, which are single phase samples, the occupancy of oxygen in 6c 
site as well as oxygen positional parameter (z) are refined, similar to the 
refinement process for the pristine samples (see Chapter 4). 
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Figure 5.4:  The measured XRD patterns, the calculated patterns and the detected phases of 
the LiNi0.8-yMnyCo0.2O2 samples after DTA / TG measurements. a) NMC442,  
b) NMC532, c) NMC622, d) NMC712, e) NMC802.  
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Table 5.2:  Structural parameters from of Rietveld refinement of PXRD from the  
LiNi0.8-yMnyCo0.2O2 samples after DTA / TG measurements.  
Sample NMC442 NMC532 NMC622 NMC712 NMC802 
Phases  LiMO2 LiMO2 LiMO2 LiMO2 NiO LiMO2 NiO 
Phase fraction 
(wt%) 
100 100 100 32.7(9) 67.3(9) 7.6(7) 92.4(7) 
Space group 𝑅3̅𝑚 𝑅3̅𝑚 𝑅3̅𝑚 𝑅3̅𝑚 𝐹𝑚3̅𝑚  𝑅3̅𝑚 𝐹𝑚3̅𝑚  
I(003) / I(104) 1.73 1.08 1.00 --- --- --- --- 
a (Å) 2.88358(2) 2.88914(2) 2.89718(5) 2.916(9) 4.120(1) 2.844(2) 4.130(1) 
c (Å) 14.2869(3) 14.2925(3) 14.2955(5) 14.265(9)  --- 14.158(9) --- 
Cell volume (Å3) 102.880(3) 103.318(3) 103.915(5) 105.04(9) 69.917(9) 99.2(2) 70.44(1) 
(Structure parameters) 
Rp 1.46 1.30 2.21 1.38  1.10  
Rwp 3.06 2.41 4.29 2.47  2.07  
Li3a        
    x 0 0 0 0 --- 0  
    y 0 0 0 0 --- 0  
    z 0 0 0 0 --- 0  
    Occ. 1 1 1 1 --- 1  
M3b        
    x 0 0 0 0 0 0 0 
    y 0 0 0 0 0 0 0 
    z 0.5 0.5 0.5 0.5 0 0.5 0 
    Occ.Ni 0.4 0.5 0.6 0.7 1 0.8 1 
    Occ.Mn 0.4 0.3 0.2 0.1 --- 0 --- 
    Occ.Co 0.2 0.2 0.2 0.2 --- 0.2 --- 
O6c        
    x 0 0 0 0 0.5 0 0.5 
    y 0 0 0 0 0.5 0 0.5 
    z 0.2286(3) 0.2371(3) 0.2365(6) 0.24 0.5 0.24203 0.5 
    Occ. 0.967(9) 0.951(8) 0.74(2) 1 1 1 1 
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The integrated intensity ratio of (003) to (104) Bragg peaks for NMC442, 
NMC532 and NMC622 is reported in Table 5.2. The intensity ratio is 
calculated based on the product of FWHM (full width at half maximum) and 
maximum height of the peak. For NMC442 sample, I(003) / I(104) is 1.73 
which is greater than 1.2 (see Section 4.2.1.2) and suggests that the well-
ordered layered structure is preserved after the DTA / TG experiments. The 
intensity ratios have lower values of 1.08 and 1.00 for NMC532 and NMC622 
samples, respectively. It is known that in LiNiO2, the displacement between 
Li+ ions at 3a and Ni3+ ions at 3b sites weakens the intensity of (003) reflection 
while it does not affect the intensity of (104) line. Therefore, the observed drift 
in I(003)/ I(104) from NMC442 to NMC 622 shows the increased Li and Ni 
site mixing and the decreased layered characteristics of the initial O3 phase. 
Thus, it seems that by increasing Ni content from NMC442 to NMC 622, the 
layered O3 phase becomes less stable against heating and loses its ordering and 
structural stability more severely. In addition, the refined oxygen occupancy 
decreases from NMC442 (0.97) to NMC622 (0.74). This result combined with 
the observed mass losses suggests that the sample with higher nickel content 
is chemically less stable and starts partially reducing  Ni3+ to Ni2+ and releasing 
lattice oxygen at a lower temperature.   
If the Li and Ni ions are mixed completely, then the intensity of (003) Bragg 
peak should be zero. In the case of NMC712 and NMC802, it can be seen that 
the (003) reflection is almost faded out. In these samples, the structural and 
chemical instability of O3 phase has proceeded to the decomposition of initial 
rhombohedral phase (O3) and the formation of a new rock-salt cubic phase.  
Based on the detected phases, the decomposition reaction could be speculated 
as follows:  
LiMO2−δ → LiM
′O2−δ′ + NiO + O2      (5.1) 
Where LiMO2−δ is the initial O3 phase, which is characterized for all NMC 
samples in Chapter 4. LiM′O2−δ′ and NiO are the altered 𝑅3̅𝑚 and the new 
𝐹𝑚3̅𝑚 phases found in the XRD characterization of the sample after DTA / 
TG measurements. The new rock-salt cubic structure might be lithiated NiO as 
its lattice constant is smaller than NiO (a = 4.185 Å) [357]. This difference is 
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due to the presence of Ni3+ in lithiated NiO (LixNi2-xO2) with smaller ionic 
radius than Ni2+ (rNi3+ = 0.56 Å vs. rNi2+ = 0.68 Å). However, considering Li in 
Ni site in our refinement did not improve the refinement considerably and 
hence is not applied. Additionally, X-ray diffraction is not accurate enough for 
such a refinement and one needs neutron diffraction, for example, to be able to 
accurately refine Li sites and occupancies in this phase. Oxygen as the reaction 
product is the released gas which causes the observed mass losses. M describes 
the initial ratio of transition metals in 3b sites, while M′ denotes the new and 
possibly different arrangement, as a part of the Ni ions might locate at the other 
phase. It is worth mentioning that for convenience, for the NMC712 and 
NMC802 samples that consist of two phases, occupancy of oxygen in 6c site 
and the position of “O” atoms are kept fixed and 𝑀′ is supposed to be equal to 
M. It should be mentioned that the equation is not balanced due to many 
unknown parameters.  
This decomposition reaction is similar to the decomposition mechanism of 
LiNiO2 in the absence of oxygen studied by Kanno et al. [92], Tao et al. [358] 
and Li et al. [359]. The decomposition temperature of LiNiO2 in argon 
atmosphere is found to be 750 °C [92] and 619.5 °C (real stoichiometry: 
Li0.86NiO2) [358] and between 725 °C to 818 °C depending on the heating rate 
and the particle size [359]. The decomposition reaction of layered LiNiO2 is 
considered to be the reduction of Ni3+ to Ni2+ state, formation of rock salt 




6 Determination of the enthalpies 
of formation  
This chapter aims at finding the relationship between the composition of the 
NMC compounds and their relative thermodynamic stabilities. For this 
purpose, the enthalpies of formation of two series of the NMC samples with 
selected stoichiometries, which were characterized in Chapter 14, are 
determined by high temperature oxide melt drop solution calorimetry in 
3Na2O·4MoO3 solvent at 701 °C under argon atmosphere. The enthalpies of 
formation of two experimented series of compounds are then extrapolated to a 
larger composition range of NMC as an attempt to generalize the results to a 
wider range of parameters. Part of the results presented in this chapter, which 
are associated with the LiNixMnxCo1-2xO2 (0 ≤ x ≤ 0.5) compounds are 
published by Masoumi et al. in a peer-reviewed journal paper [360].   
6.1 Calibration with sapphire  
As described in Section 3.4.1, both chambers of the Alexys calorimeter are 
calibrated independently using 7 mg sapphire spheres. The enthalpy changes 
of sapphire spheres from room temperature to the temperature of calorimeter 
is calculated using the heat capacity of sapphire, taken from Ref. [311]. The 
calibration factors for the right and left side of the calorimeter are determined 
as 0.00467593 and 0.00464650, respectively. The corresponding calibration 
factors are multiplied to the area under each peak, resulted from drop solution 
experiment of the NMC sample, to obtain the enthalpy of drop solution of the 
respective dropped sample. The calculation process for the determination of 
the enthalpy of drop solution based on the results of high temperature oxide 
solution calorimetry are extensively described for NMC622 sample as an 
example in the Appendix.  
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6.2 LiNixMnxCo1-2xO2 series 
The standard enthalpies of formation of various LiNixMnxCo1-2xO2 (0 ≤ x ≤ 0.5) 
compositions from their constituent binary oxides are calculated with respect 
to binary oxides i.e. Li2O, MnO2, NiO and CoO and oxygen. A thermodynamic 
cycle as shown in Table 6.1 is used which shows the reactions involved in the 
calculation of the enthalpies of formation. Reactions (1) to (4) represent drop 
solution calorimetry of the binary oxides in 3Na2O·4MoO3 solvent at 701 °C 
(974 K) under argon atmosphere while reaction (6) shows the drop solution 
calorimetry of the LiNixMnxCo1-2xO2 compound at the same solvent and 
temperature. Reaction (5) corresponds to heating up the gaseous oxygen from 
room temperature to the temperature of calorimetry. Then reaction (7) shows 
the formation reaction of LiNixMnxCo1-2xO2 compound from its constituent 
binary oxides and oxygen. It should be noted that for the formation reaction 
those binary oxides are chosen that are stable at room temperature and pressure 
with available data of their enthalpies of drop solution. It is also worth 
mentioning that heat of dissolution of heated gaseous oxygen (701 °C) in the 
solvent is neglected in the current thermodynamic cycles due to unfeasibility 
of such a measurement; since the set-up of the calorimeter is an open system 
for gaseous components.  
Concerning the reactants and the products of the reactions in Table 6.1, the 
oxidation states are outlined for the transition metal cations. In Section 2.2.3, 
the main oxidation state of transition metals in NMC compound are already 
discussed. Specifically for LiNixMnxCo1-2xO2 series, Lu et al. [157] and 
Ammundsen and Paulsen [148] proposed that Ni2+ and Mn4+ substitute for Co3+ 
in the LiNixMnxCo1-2xO2 (0 ≤ x ≤ 0.5) series. Later, differential capacity 
measurements [337], X-ray absorption near-edge spectroscopy (XANES) 
[146] and magnetic measurements [185] verified that indeed, the oxidation 
states of Ni, Co, and Mn are mainly +2, +3, and +4, respectively. Therefore, 
here also these oxidation states are considered to exist in the studied 
LiNixMnxCo1-2xO2 samples.  
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Table 6.1:  Thermodynamic cycle showing the reactions used for the determination of the  
enthalpy of formation of LiNixMnxCo1-2xO2 compounds from binary oxides and  
oxygen using drop solution calorimetry in 3Na2O·4MoO3 solvent at 701 °C (974 K) 
under argon atmosphere. 
Reaction  ∆H 
1) Li2O(s,25°C) → [2Li
+ + O2−](sol,701°C) ∆dsH(Li2O)  
2) Ni2+O(s,25°C) → [Ni
2+ + O2−](sol,701°C) ∆dsH(NiO)  
3) Mn4+O2(s,25°C) → [Mn
2+ + O2−](sol,701°C) ∆dsH(MnO2)  
4) Co2+O(s,25°C) → [Co
2+ + O2−](sol,701°C) ∆dsH(CoO)  














2⁄ O2(g,701°C)  
∆dsH(LiNixMnxCo1-2xO2)  
7) 1 2⁄ Li2O(s,25°C) + 𝑥Ni
2+O(s,25°C) + 𝑥Mn
4+O2(s,25°C) +














The products of the reactions 1− 4 and 6 in Table 6.1, show the species (cations 
and anions) formed from the dissolution of oxide samples in the solvent. 
Navrotsky and Kleppa [361] fully described the chemistry of dissolution in 
sodium molybdate (3Na2O·4MoO3) solution which consists of sodium and 
molybdenum oxides. Accordingly, through decomposition of Na2O at the 
temperature of calorimetry, the following reaction takes place:  
3Na2O → 6Na
+ + 3O2−    (6.1) 
MoO3 reacts with  the produced O2- ions and form two species of Mo oxides: 
3O2− + 4MoO3 → 2MoO4
2− + Mo2O7
2−           (6.2) 
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Two charged Mo oxides, i.e. MoO4
2− and Mo2O7
2− are in equilibrium with 
each other inside the solution and create a buffer system for oxygen anions 
according to reaction (6.3): 
O2− + Mo2O7
2− ⇌ 2MoO4
2−     (6.3) 
When oxide samples are dropped into molten 3Na2O·4MoO3, depending on 
whether they are basic, acidic or transition metal oxides, they may dissolve, 
react with oxygen anions to form complex anions or undergo a redox reaction, 
respectively. In the case of simple acidic and basic oxides dissolution, the 
introduction of oxide sample changes the amount of oxygen anions inside the 
solution. This may shift the direction in buffer equilibrium reaction (6.3) so 
that the reaction constant remains unchanged. Therefore, in these cases, the 
drop solution experiments can be performed under argon atmosphere.   
However, when transition metal oxides are introduced into the molten solvent, 
their oxidation state may change. Navrotsky’s group has shown that, for 
instance the oxidation state of Co, Mn, Ni and Cu oxides in sodium molybdate 
at 700 °C change to Co+2 [362], Mn+2 [276], Ni+2 [270] and Cu2+ [363]. As an 
example, we consider M as a trivalent transition metal that reduces to divalent 
M through dissolving in molten sodium molybdate. By dissolving M2O3 in the 
solvent, first the oxide decomposes according to reaction (6.4), similar to other 
oxides 
M2O3 → 2M
3+ + 3O2−     (6.4) 
The produced oxygen anions shift the position of the buffer reaction to the right 
to consume the additional oxygen anions. Then, the redox reaction takes place; 
the transition metal cations M3+ reduce to M2+ through dissolving in the solvent 
(reduction reaction): 
2M3+ + 2e− → 2M2+   (6.5) 
The electrons required for the reduction are provided through oxidation of 
oxygen anions present in the buffer solution according to the following 
reaction (oxidation reaction):  
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O2− → 2e− +
1
2
O2      (6.6) 
The complete reaction would be: 
2M3+ + O2− → 2M2+ +
1
2
O2     (6.7) 
This reaction is accompanied by releasing oxygen gas. Therefore, in order to 
shift the position of the reaction to the right, i.e. complete dissolution, the 
partial pressure of oxygen should be reduced. As a conclusion, if the transition 
metal is reduced by dissolution in the solvent, the drop solution experiments 
should be performed under argon gas. Obviously, the consumed oxygen anions 
in reaction (6.6) are adjusted by the buffer reaction (6.3).  
In the case of NMC compounds, the main oxidation state of constituting 
transition metals, Ni, Mn and Co in the sodium molybdate solvent under argon 
atmosphere at 701 °C has been determined by Navrotsky’s group using thermal 
analysis experiments and are found to be mainly in the forms of Co+2 [362], 
Mn+2 [276] and Ni+2 [270]. Therefore, the dissolution of LiNixMnxCo1-2xO2 
with Ni2+, Mn4+ and  Co3+ valence states involves the reduction of Co and Mn 
cation and should be performed using argon bubbling and protecting gas.   
As described in Section 3.4.1, a number of pellets from each compound are 
dropped into the sodium molybdate solvent at 701 °C and the average value of 
enthalpy of drop solution of respective compound is calculated. The values of 
the enthalpy of drop solution for the LiNixMnxCo1-2xO2 (0 ≤ x ≤ 0.5) compounds 
from the presents work along with the values for binary oxides from the 
literature are listed in Table 6.2. The numbers of individual drops of each 
compound as well as the uncertainty of the repeated measurements are also 
listed. Among the cited references in Table 6.2, those marked by asterisk (*) 
are employed in the calculations of the present work. These values are those 
that were used by Wang and Navrotsky [270] for determination of the 
enthalpies of formation of LiNixCo1-xO2  series. In the case of MnO2, the 
enthalpy of drop solution value of Ref. [276] is chosen which is cited in the 
latest review paper of Navrotsky [316].  
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Table 6.2:  Values of enthalpy of drop solution of binary (upper rows, from literature) and ter-
nary oxides (lower rows, from present work) in 3Na2O·4MoO3 solvent at 701 °C 
(974 K) under argon atmosphere. Those of binary oxides marked by asterisk are used 
in the calculation of enthalpies of formation from oxides based on the thermodynamic 
cycle in Table 6.1.  
    sample ΔdsH










Li2O -93.02 ± 2.24 
1,  Wang & Navrotsky [270] 
 -90.3 ± 2.5 2 McHale & Navrotsky [364] 
MnO2 128.92 ± 0.91 (11)
  Wang & Navrotsky [276] 
 124.80 ± 1.03 (8)  Birkner & Navrotsky [316, 365] 
NiO 35.73 ± 0.95 (8)   Wang & Navrotsky [270] 
CoO 15.35 ± 0.46 (7)  Wang & Navrotsky [270] 
 16.45 ± 0.69 (14) Mayer et al. [366] 
 16.50 ± 0.70 Ma & Navrotsky [367]  










LiCoO2 118.90 ± 0.84 (12) This work 
 116.82 ± 1.18 (10)
  Wang & Navrotsky [270] 
 118.27 ± 0.66 (10)  Wang et al. [269] 
 118.26 ± 0.89 (10)  Gotcu-Freis et al. [258] 
LiNi0.167Mn0.167Co0.666O2  112.10 ± 1.53 (12) This work 
LiNi0.333Mn0.333Co0.333O2  100.70 ± 1.08 (13) This work 
LiNi0.4Mn0.4Co0.2O2  98.86 ± 1.09 (18) This work 
LiNi0.5Mn0.5O2  95.89 ± 0.62 (21) This work 
1 Calculated by drop solution calorimetry on Li2CO3 and other related thermodynamic data[270].                                          
2 Calculated by drop solution calorimetry on the carbonate [364]. 
*  Reference values used for the purpose of calculations of the present work. 
 
The enthalpy changes of reaction (5) at Table 6.1 equals the heat content of 
gaseous oxygen from room temperature to the temperature of calorimetry 
taken from the SGTE Gibbs energy descriptions of the pure elements [368]. 
Adding oxygen in reaction (7) is necessary, because binary oxide of Co with 
+3 oxidation state cannot be prepared as a stable phase that can be used for the 
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drop solution calorimetry experiments and Co2+ as the reactant (CoO) needs to 
be oxidized to +3 state in the product (NMC).  
The thermodynamic cycle shown in Table 6.3 is used by Wang and Navrotsky 
[270] to determine the enthalpy of drop solution of Li2O through drop solution 
experiments of Li2CO3 (ΔdsH974 = 162.76 ± 0.77 kJ∙mol-1 from 8 drops) and 
thermodynamic data of CO2 from Ref. [369]. The reason is that Li2O is a 
reactive sample and difficult to be prepared and handled.   
Table 6.3:  Thermodynamic cycle used by Wang and Navrotsky [270] for the calculation of  
enthalpy of drop solution of Li2O based on drop solution calorimetry of Li2CO3 and 
heat capacity of CO2. In the original cycle of Ref. [270], Li2O(sol,701°C) is used instead 
of  [2Li+ + O2−](sol,701°C). 
Reaction  ∆H 
Li2CO3(s,25°C) → [2Li
+ + O2−](sol,701°C) + CO2(g,701°C) ∆dsH(Li2CO3)  
CO2(g,25°C) → CO2(g,701°C) ∆H(CO2)  





The standard enthalpy of formation from oxides is equal to the enthalpy 
changes of the reaction (7) in Table 6.1 and is calculated according to Equation 







 ∆dsH(Li2O) + 𝑥 ∆dsH(NiO) + 𝑥 ∆dsH(MnO2) +






− ∆dsH(LiNixMnxCo1-2xO2)    (6.8) 
The standard enthalpy of formation of the LiNixMnxCo1-2xO2 (0 ≤ x ≤ 0.5) 
composition from their elements is then calculated using quation (6.9). The 











𝑥 ∆fH(NiO) + 𝑥 ∆fH(MnO2) + (1 − 2𝑥)∆fH(CoO)    (6.9) 
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The standard enthalpies of formation of the constituent binary oxides from the 
elements (∆f𝐻) are taken from Glushko et al. [370] as shown in Table 6.4. The 
standard enthalpies of formation of the binary oxides from the NIST-JANAF 
compilations [371] could not be used for the calculations because this reference 
has no data available for NiO and MnO2, although there are data for CoO and 
Li2O.  
Table 6.4:  Enthalpy of formation from binary oxides (MnO2, NiO and CoO) and oxygen for 
ternary oxides and enthalpy of formation from elements at 298 K for binary oxides 
from the literature and for ternary oxides (LiNixMnxCo1-2xO2 compounds) determined 










Li2O  -597.935 ± 0.334  [370]               
MnO2  -521.493 ± 0.836  [370]               
NiO  -239.743 ± 0.543  [370]               
CoO  -238.906 ± 1.255  [370]               
LiCoO2 -144.61 ± 1.47 -682.49 ± 1.94 This work 
 -142.54 ± 1.69  -679.4 ± 2.4  [270] / [105] 
 -143.99 ± 1.38  -681.84 ± 1.96  [269] / [258]                                        
 -142.79 ± 1.52  -673.06 ± 2.68  [258]                                        
LiNi0.167Mn0.167Co0.666O2  -117.30 ± 1.93 -702.41 ± 2.12 This work 
LiNi0.333Mn0.333Co0.333O2  -85.39 ± 1.62 -717.74 ± 1.72 This work 
 --- -649.74 ± 2.05 1 [274] 
 --- -652.49 ± 0.45 2 [274] 
LiNi0.4Mn0.4Co0.2O2  -75.35 ± 1.65 -726.59 ± 1.72 This work 
LiNi0.5Mn0.5O2  -60.07 ± 1.44 -739.66 ± 1.53 This work 
1 Solid-state synthesized sample.    
2 Solution method-synthesized sample.        
 
Although lithium losses were observed during synthesis of LiNixMnxCo1-2xO2  
sample as shown in Section 4.2.1.1, the nominal stoichiometric formula are 
used for the calculations of enthalpies, because the effect of this assumption 
on the derived enthalpies is negligible. For examples in a similar experimental 
work of Wang and Navrotsky [270], in spite of observed lithium loss, the 
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nominal compositions of Li(Ni,Co)O2 samples are used for the calculation of 
enthalpies. Lithium deficiency is neglected in another work from the same 
group [269]  investigating LiCoO2 sample with slightly different synthesis 
conditions. In the latter work [269], 2 atom% excess lithium in the starting 
material and higher calcination temperature of 900 °C are used in the synthesis 
process, comparing no excess lithium in starting material and 800 °C 
calcination for the sample in the prior work [270]. Nevertheless, in both 
investigations the samples were treated as stoichiometric LiCoO2 samples, i.e. 
Li / Co = 1. The enthalpies of drop solution for the two LiCoO2 samples are 
reported as 116.82 ± 1.17 and 118.27 ± 0.66 in Ref. [270] and Ref. [269], 
respectively. In another similar experiment by Gotcu-Freis et al. [258] which 
used Alexys device at KIT, the same device as in the present work, commercial 
LiCoO2 sample with unknown synthesis route is investigated. In Ref. [258], 
the measured composition of LiCoO2 sample which is Li / Co = 0.977 ± 0.006 
is used for the calculations of enthalpies. The enthalpy of drop solution by 
Gotcu-Freis et al. [258] is determined to be 118.26 ± 0.89 which is very close 
to the data of Wang et al. [269], indicating the two samples are very similar to 
each other. Even though in Ref. [258] the nonstoichiometric composition is 
used for further calculations of enthalpies of formation from oxides and 
elements from respective thermodynamic cycles, their obtained enthalpy 
values deviate only about 1% from those of Ref. [270] and Ref. [269] who 
assumed that samples have nominal stoichiometry. Therefore, in the present 
work also the nominal compositions are used for the calculation of enthalpies.  
The uncertainties expressed for the derived enthalpies are the combined 
expanded uncertainties (k = 2, 95% confidence interval) calculated from the 
uncertainties of the enthalpies of drop solution for the constituent oxides and 
the NMC compounds. 
The enthalpy of formation of LiCoO2 from the elements obtained in the present 
work is in a very good agreement with the results of Wang and Navrotsky [105, 
270], Wang et al. [269] and Gotcu-Freis et al. [258] as can be seen in Figure 
6.1-a. Comparing the enthalpies of formation from elements for LiCoO2 
sample of the present work with the literature data, one should note that the 
samples used in different studies are slightly different in terms of preparation 
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condition and chemical composition and consequently enthalpy values. Yet, 
the relative difference is lower than 1.5% which is still a very good agreement. 
It should be mentioned that the numbers after the “±” sign in Table 6.4 and 
error bars in Figure 6.1 express the repeatability of the experiments and are 
calculated using type A combined uncertainty analysis. This does not include 
the uncertainties associated with using different sample batches and different 
calorimeters and operators. It is expected that the total uncertainty of each 
measurement is larger than the uncertainty related to repeatability.  
 
Figure 6.1:  Enthalpy of formation (a) from the elements at 298.15 K (kJ∙mol-1) and (b) from 
the constituent oxides at 298.15 K (kJ∙mol-1) vs. x in LiNixMnxCo1-2xO2 compared 
to those of LiCoO2 from Wang and Navrotsky [270] and from Gotcu-Freis et al. 
[258] and LiNi1/3Mn1/3Co1/3O2 from Idemoto and Matsui [274]. The purple and 
green triangular data points from Idemoto and Matsui [274] show the related 
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By increasing x, the standard enthalpies of formation of the various 
compositions of LiNixMnxCo1-2xO2 from the elements become more 
exothermic. This indicates that by substitution of Co3+ with equimolar amounts 
of Mn4+ and Ni2+ cations on 3(b) sites (the transition metal layer), the layer 
structured compound becomes energetically more stable. When the 
experimental error is taken into account, for compositions along the line from 
LiNi0.5Mn0.5O2 to LiCoO2, the relationship between the enthalpies of formation 
from elements and x could be considered as linear.  
The higher thermodynamic stabilities of LiNixMnxCo1-2xO2 compounds with 
increasing Ni and Mn contents might contribute to their improved 
electrochemical and thermal stabilities as observed by many researchers. 
Makimura and Ohzuku [372] reported that LiNi0.5Mn0.5O2 discharged at slow 
rates has a rechargeable capacity of approximately 200m Ah·g-1 in the voltage 
range of 2.5-4.5 V vs. Li with 99% coulombic efficiency over 30 cycles, while 
LiCoO2 and LiNiO2 have higher and faster capacity fading when charged to 
such high voltages [57, 216]. According to the comprehensive investigations 
of Ohzuku’s group [143, 158, 372], the operating voltage of a 
Li/LiNi0.5Mn0.5O2 cell is even slightly higher than that of a 
Li/LiNi1/3Mn1/3Co1/3O2 cell. There are also similar reports showing higher 
discharge capacity and better capacity retention of LiNixMnxCo1-2xO2 cathode 
materials (0.33 ≤ x ≤ 0.5) by increasing x when cycled between 3.0-4.5 V [373], 
2.5-4.5 V [275] and 2.5-4.4 V [350].  
The higher capacity and improved cycle performance of Ni/Mn-rich 
LiNixMnxCo1-2xO2 active materials could be attributed to the presence of 
octahedrally coordinated Mn4+ cations, which serve as an electrochemically 
inactive filler, making the structure more stable by preventing the 
transformation to spinel structure as proposed by Reed and Ceder [147] and 
Ammundsen and Paulsen [148]. Nevertheless, one needs to note that the 
electrochemical performance of layered lithium transition metal oxides as 
cathode materials depends strongly on the heat treatment history (including 
calcination temperature, duration, and cooling method), which in turn affects 
the lattice constants, cation mixing, oxygen non-stoichiometry, and 
morphology of the synthesized material. All these parameters directly affect 
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the electrochemical behavior of the cathode material and might be the source 
for some controversies in the literature.  
The increased energetic stability of the layer-structured LiNixMnxCo1-2xO2 
phases with increasing x may also clarify why the O3-type structure is 
preserved in LiNi0.5Mn0.5O2 after complete chemical delithiation as shown by 
Choi et al. [374], whereas the stable structures for the chemically delithiated 
end member of LiNixMnxCo1-2xO2 were of O1 type and P3 type structures for 
x = 1/3 and x = 0, respectively [374]. 
The improved thermal stability of delithiated phases of LiNixMnxCo1-2xO2 
electrode materials with increasing x may also be related to their higher 
thermodynamic stabilities. This aspect is studied by Jiang et al. [329] for 
LiNixMnxCo1-2xO2 with 0.1 ≤ x ≤ 0.5, which was charged to 4.2 and 4.4 V vs. 
Li and then exposed to the reaction with ethylene carbonate/ diethyl carbonate 
(EC/DEC) solvent or electrolyte (1 M LiPF6 in EC/DEC) in an accelerating 
rate calorimeter (ARC). It is observed that for LiNixMnxCo1-2xO2 with x ≥ 0.2 
charged to 4.2 or 4.4 V vs. Li, the exothermic reaction between the sample and 
the solvent begins at about 190 °C, which is higher than the onset temperature 
of 140 °C for LiCoO2. By increasing x the main exothermic peak associated 
with the reaction is also shifted to higher temperatures [329]. For samples that 
are charged to 4.2 V and allowed to react with the electrolyte, the onset 
temperature of the exothermal reaction and the thermal runaway in sample with 
x = 0 are 170 °C and 230 °C with a self-hearing rate of 0.15 K·min-1. For 
LiCoO2 (x = 0) the above-mentioned parameters are 140 °C,  240 °C and  
0.2 K·min-1, respectively. By increasing x above 0.2, even higher thermal 
stabilities are attained.  
It should be mentioned that the enthalpy of formation of LiNi1/3Mn1/3Co1/3O2 
reported by Idemoto and Matsui [274] is different from the value determined 
in the present work. This might be due to the heat of dissolution of Co2O3 that 
they employed in their calculations. As Co2O3 is unstable under normal 
conditions, Idemoto and Matsui [274] have estimated its heat of dissolution by 
calculating the lattice energy using the Born–Landé equation with the 
Madelung constant and internuclear distance taken from a DVX-α calculation. 
The standard enthalpy of formation of Co2O3 is calculated as -175.43 kJ·mol-1 
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by the Born–Haber cycle [274]. Moreover, the presence of point defects, 
impurity phases and/or second order phase transitions may also lead to the 
reported differences. Nevertheless, in our paper [360] the experimentally 
determined data of the present work are compared with the theoretical 
enthalpies of formation of respective compositions at 0 K  determined by  
ab initio calculations (density functional theory)1 and showed that they are 
consistent with each other. Furthermore, these results are congruent with the 
experimentally observed improved discharge capacity and better capacity 
retention [275, 350, 373] by increasing x.  
In Figure 6.1-b the enthalpies of formation of the compounds with respect to 
the constituent oxides are depicted which also show a linear trend. The 
standard enthalpies of formation of LiNixMnxCo1-2xO2 compounds from oxides 
become less exothermic with increasing x. The observed trend in enthalpy of 
formation from the oxides is mainly due to the change in the oxidation state of 
cobalt in the constituent oxide (Co2+) to its oxidation state in the final NMC 
compound (Co3+), as described earlier. With decreasing Co content (increasing 
x), the contribution of the exothermic oxidation of Co2+ to Co3+ to the overall 
enthalpy of formation decreases. Therefore, the enthalpies of formation 
become less exothermic. It could be concluded that, in formation reactions 
where the oxidation states of the transition metals in the reactants and products 
are dissimilar, the enthalpy of formation data from the constituent oxides may 
not reflect the real energetic trend. Instead the enthalpy of formation from the 
elements should be considered as a more reliable criterion for assessing the 
relative thermodynamic stabilities in such systems.  
 
1 The ab initio calculations have been performed by Dr. Keke Chang at RWTH Aachen in the 
framework of a collaborative project funded by the German Research Foundation (DFG)  




6.3  LiNi0.8-yMnyCo0.2O2 series 
The standard enthalpies of formation of various LiNi0.8-yMnyCo0.2O2  
(0 ≤ y ≤ 0.4) compositions from their constituent binary oxides are calculated 
with respect to binary oxides i.e. Li2O, MnO2, NiO and CoO and oxygen. The 
respective formation reaction and reactions representing drop solution 
calorimetry are shown in the thermodynamic cycle of Table 6.5.  Reactions (1) 
to (4) similar to Section 6.2, represent drop solution calorimetry of the binary 
oxides while reaction (6) shows the drop solution calorimetry of the  
LiNi0.8-yMnyCo0.2O2 compound at the same solvent and temperature. Reaction 
(5) is related to heating up the gaseous oxygen from room temperature to the 
temperature of calorimetry and reaction (7) corresponds to the formation 
reaction of LiNi0.8-yMnyCo0.2O2 compound from its constituent binary oxides 
and oxygen. The criteria for choosing constituent binary oxides and other 
assumptions are similar to Section 6.2.  
Concerning the reactions in Table 6.5, the oxidation states are outlined for the 
transition metal cations in reactants as well as the products. The oxidation 
states of transition metal cations in LiNi0.8-yMnyCo0.2O2 powder samples 
synthesized in the present work are analyzed by Raheleh Azmi utilizing X‐ray 
photoelectron spectroscopy. The results which are published in a joint paper 
[304] show that the Co and Mn are mainly trivalent and tetravalent, 
respectively. It was also demonstrated that the oxidation state of Ni changes 
gradually from Ni3+ to Ni2+ with increasing y in LiNi0.8-yMnyCo0.2O2. The Ni2+ 
content is determined to be 0%, 13%, 35%, 62%, and 100% of total Ni ions for 
y = 0. 0.1, 0.2. 0.3 and 0.4, respectively [304]. These results fits quite well with 
the expected ratio of Ni2+ ions to the total Ni ions (0%, 14.3%, 33.3%, 60% 
and 100% for y = 0. 0.1, 0.2. 0.3 and 0.4, respectively) according to the 






0.2)O2 as shown in 
reaction (6) and (7) in Table 6.5.  
The oxidation states of the species in the molten sodium molybdate under 
argon atmosphere at 701 °C are mainly Co+2 , Mn+2  and Ni+2, similar to what 
described earlier in Section 6.2. Therefore, the dissolution of  
LiNi0.8-yMnyCo0.2O2 samples with Ni3+/ Ni2+, Mn4+ and  Co3+ valence states 
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involves the reduction of Co, Mn and part of Ni cation and should be performed 
using argon bubbling and protecting gas.   
Table 6.5:  Thermodynamic cycle showing the reactions used for the determination of the  
enthalpy of formation of LiNi0.8-yMnyCo0.2O2 compounds from binary oxides and  
oxygen using drop solution calorimetry in 3Na2O·4MoO3 solvent at 701 °C (974 K) 
under argon atmosphere. 
Reaction  ∆H 
1) Li2O(s,25°C) → [2Li
+ + O2−](sol,701°C) ∆dsH(Li2O)  
2) Ni2+O(s,25°C) → [Ni
2+ + O2−](sol,701°C) ∆dsH(NiO)  
3) Mn4+O2(s,25°C) → [Mn
2+ + O2−](sol,701°C) ∆dsH(MnO2)  
4) Co2+O(s,25°C) → [Co
2+ + O2−](sol,701°C) ∆dsH(CoO)  











O2−](sol,701°C) + (0.8 − 𝑦)[Ni
2+ + O2−](sol,701°C) + 𝑦[Mn
2+ +
O2−](sol,701°C) + 0.2[Co
2+ + O2−](sol,701°C) +
1
4⁄ O2(g,701°C)  
∆dsH(LiNi0.8-yMnyCo0.2O2)  



















The values of the enthalpy of drop solution for the LiNi0.8-yMnyCo0.2O2 (y = 0, 
0.1, 0.2, 0.3 and 0.4) compounds are listed in Table 6.6. The numbers of 
individual drops of each sample as well as the uncertainty of the repeated 
measurements are also indicated.  
The enthalpy of drop solution values of binary oxides as well as the heat 
content of oxygen gas from room temperature to the temperature of calorimetry 
used for the determination of the enthalpies of formation from oxides are the 
same as Section 6.2. For comparison, the enthalpy of formation from oxides 
for LiNi0.8Co0.2O2 composition is calculated from linear interpolation of the 
enthalpy of formation from oxides of LiNi1-xCoxO2 series determined by Wang 
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and Navrotsky [270] for x = 0, 0.25, 0.5, 0.75 and 1. The linear equation is 
calculated as ΔfHθ,oxides = (-54.60 ± 1.66) + (-85.98 ± 2.71) x (R2 = 0.9970).  
Table 6.6:  The values of enthalpy of drop solution of LiNi0.8-yMnyCo0.2O2 (y = 0, 0.1, 0.2, 0.3 
and 0.4) samples in 3Na2O·4MoO3 at 701 °C (974 K) under argon atmosphere.  
    sample ΔdsH











1 61.39 ± 0.56 (13) This work 
 62.38 ± 2.20 2 Wang and Navrotsky [270] 
LiNi0.7Mn0.1Co0.2O2 
3 72.16 ± 0.55 (12) This work 
LiNi0.6Mn0.2Co0.2O2  80.24 ± 0.70 (12) This work 
LiNi0.5Mn0.3Co0.2O2  89.79 ± 0.59 (11) This work 
LiNi0.4Mn0.4Co0.2O2 97.97 ± 0.65 (12) This work 
1 Final heat treatment at 800 °C. 
2 Calculated by linear interpolation of the enthalpy of drop solution values determined by Wang 
and Navrotsky for LiNi1-xCoxO2 series.  
3 Final heat treatment at 850 °C. 
 
The standard enthalpy of formation from oxides equals the enthalpy changes 
of the reaction (7) in Table 6.5 and is calculated according to Equation (6.10). 







 ∆dsH(Li2O) + (0.8 − 𝑦) ∆dsH(NiO) +






− ∆dsH(LiNi0.8-yMnyCo0.2O2)  
 (6.10)  
The standard enthalpy of formation of the LiNi1-xCoxO2 (x = 0, 0.25, 0.5, 0.75 
and 1) compositions from their elements were not reported in the original work 
of Wang and Navrotsky [270]. Therefore, the enthalpy of formation from 
elements for LiNi0.8Co0.2O2 composition is here calculated using respective 
enthalpy of formation from oxides and Equation (6.11) with the same input 
values as our own calculation. Similar to Section 6.2, the standard enthalpies 
of formation of the constituent binary oxides from the elements (∆f𝐻) are taken 
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from Glushko et al. [370] as shown in Table 6.4. The results are summarized 











 ∆fH(Li2O) + (0.8 − 𝑦) ∆fH(NiO) + 𝑦 ∆fH(MnO2) + 0.2 ∆fH(CoO)    (6.11) 
Table 6.7:  Enthalpy of formation from binary oxides (MnO2, NiO and CoO) and enthalpy of 
formation from elements at 298 K for binary oxides from the literature and  
LiNi0.8-yMnyCo0.2O2 (y = 0, 0.1, 0.2, 0.3 and 0.4) compounds determined  











1 -70.80 ± 1.47 -609.34 ± 1.56 This work 
 -71.79 ± 2.20 2 -610.33 ± 2.64 
3 
Wang and  
Navrotsky [270] 
LiNi0.7Mn0.1Co0.2O2 
4 -73.34 ± 1.42 -640.05 ± 1.50 This work 
LiNi0.6Mn0.2Co0.2O2  -73.19 ± 1.45 -668.08 ± 1.53
  This work 
LiNi0.5Mn0.3Co0.2O2  -74.46 ± 1.40 -697.58 ± 1.46 This work 
LiNi0.4Mn0.4Co0.2O2 -56.09 ± 1.56 -725.70 ± 1.49 This work 
1 Final heat treatment at 800 °C. 
2 Calculated by linear interpolation of the enthalpy of formation from oxides values determined by 
Wang and Navrotsky for LiNi1-xCoxO2 series.  
3 As this value is not reported in the original work (Ref. [270]), here it is calculated using respective 
enthalpy of formation from oxides and Equation (6.11) with the same input values as our own 
calculation.  
4 Final heat treatment at 850 °C. 
 
Despite observed lithium losses for LiNi0.8-yMnyCo0.2O2 sample as shown in 
Section 4.2.3.1, the nominal stoichiometric compositions are used for the 
calculations of enthalpies, because the effect of this assumption on the derived 
enthalpies is negligible. The uncertainties stated for the derived enthalpies are 
the combined expanded uncertainties (k = 2, 95% confidence interval) 
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calculated based on the uncertainties of the enthalpies of drop solution for the 
constituent oxides and the NMC compounds. 
 
Figure 6.2:  Enthalpy of formation (a) from the elements at 298.15 K (kJ∙mol-1) and (b) from 
the constituent oxides at 298.15 K (kJ∙mol-1) vs. y in LiNi0.8-yMnyCo0.2O2 (y = 0, 
0.1, 0.2, 0.3 and 0.4) compounds determined experimentally and compared to 
those of LiNi0.8Co0.2O2 from Wang and Navrotsky [270].  
Comparing the enthalpies values for LiNi0.8Co0.2O2 sample of the present work 
with those of Wang and Navrotsky [270], a relative differences of 0.16 - 1.6 % 
is to observe. This indicates a very good agreement between our measurements 
and literature data despite differences in investigated samples of different 
studies in terms of preparation condition and chemical composition.  
By increasing y, the standard enthalpies of formation of the various 
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exothermic. This means that by substitution of Ni3+ with equimolar amounts of 
Mn4+ and Ni2+ cations on 3(b) sites (the transition metal layer), the layer 
structured compound becomes energetically more stable. The relationship 
between the enthalpies of formation from elements and y for  
LiNi0.8-yMnyCo0.2O2 compositions along the line from LiNi0.8Co0.2O2 to 
LiNi0.4Mn0.4Co0.2O2 could be considered as linear. The linear equation is 
calculated as ΔfHθ,elements = (-610.19 ± 0.42) + (-289.96 ± 1.88) x (R2 = 0.9998). 
The higher thermodynamic stabilities of LiNi0.8-yMnyCo0.2O2 compounds with 
increasing y is speculated to contribute to their improved structural stability 
and cycling performance that will be extensively examined and discussed in 
the next chapter, Chapter 67.  
6.4 LiNiO2 - LiCoO2- LiNi0.5Mn0.5O2 system 
The values of standard enthalpies of formation from elements of  
LiNixMnxCo1-2xO2 (x = 0, 0.17, 0.33, 0.4. 0.5) and LiNi0.8-yMnyCo0.2O2 (y = 0, 
0.1, 0.2, 0.3 and 0.4) compounds which are experimentally determined in the 
present work are plotted into a contour plot on ternary coordinate i.e. on the 
LiNiO2-LiCoO2-LiMnO2 Gibbs triangle. The enthalpy values of LiNi1-xCoxO2 
(y = 0, 0.25, 0.5, 0.75 and 1) compositions from their elements are also 
calculated based on the experiments of Wang and Navrotsky [270] and 
incorporated. Figure 6.3 illustrates the ternary contour plot of the standard 
enthalpy of formation from elements for the left side of the NMC triangle; the 
compositions lie between the LiNiO2, LiCoO2 and LiNi0.5Mn0.5O2 end 
members. The graph is plotted using Origin program’s ternary contour graph 
without smoothing.  
The contour lines (iso-enthalpy compositions) are almost linear, indicating a 
near-linear relationship between the standard enthalpy of formation value and 
the composition of the NMC compound in this region. The direction 
perpendicular to the contour lines show the path of composition variation 
which leads to the maximum changes in the enthalpy values. This direction is 
shown by an arrow in Figure 6.3. By changing the composition of the NMC 
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compound in the direction of the arrow, the standard enthalpies of formation 
from the elements become more exothermic, indicating improved energetic 
stability of the layer structured compound. It could be concluded that in the 
investigated area, LiNi0.5Mn0.5O2 and LiNiO2 are the most and the least 
energetically stable compounds, respectively. 
 
Figure 6.3:  Ternary contour plot of the standard enthalpy of formation from elements for the 
compositions lie between the LiNiO2, LiCoO2 and LiNi0.5Mn0.5O2 end members. 
The black arrow shows the direction of compositional variation which leads to 
the maximum changes in the enthalpy values. For sample notation please see 
Figure 3.2.  
The higher thermodynamic stabilities of the NMC compounds is believed to 
contribute to the improved structural stability and cyclability upon 
electrochemical lithium intercalation. This theory is supported by the results 
of electrochemical experiments on LiNi0.8-yMnyCo0.2O2 and LiNi0.5Mn0.5O2 

















7 Electrochemical studies 
In this chapter, the results of the electrochemical investigation on  
LiNi0.8-yMnyCo0.2O2 compounds as well as LiNi0.5Mn0.5O2 are presented. For 
this purpose, half coin cells with composite electrodes made of synthesized 
NMC as active material of cathode are subject of different electrochemical 
measurements techniques. Through these measurements, the redox behavior 
and cyclability of different compositions are compared.  
7.1 Coated electrodes 
To examine the distribution of the particles of active material in the coated 
electrodes, the In-lens (secondary electron) and energy selective backscattered 
images of the pristine electrodes are obtained. The SEM micrographs of the 
samples using in-lens detector (right) and ESB detector (left) are shown in 
Figure 7.1 a-e. As can be seen from the ESB images which reveal the chemical 
contrast, the very small particles formed on the surface of the coated electrodes 
are much darker than the NMC particles in all samples. These particles are 
probably the organic compounds originated from PVDF or carbon black. They 
also might be impurities made of light elements like C, such as lithium 
carbonate or H, such as lithium hydroxide.  
These impurity phases are possibly formed through the reaction of excess 
lithium of NMC phase with the carbon dioxide or humidity from air during the 
casting process. As can be seen in Figure 7.1, the amount of light phases 
increases as y in LiNi0.8-yMnyCo0.2O2 decreases. This means that the samples 
with higher Ni content are more prone to the contamination with air and to the 





a)   
b)   
c)   
d)   
e)   
Figure 7.1:  Energy selective backscattered (left) and in-lens secondary electron (right)  
micrographs of LiNi0.8-yMnyCo0.2O2 coated electrodes; a) NMC442, b) NMC532, 
c) NMC622, d) NMC712 and e) NMC802. (Pictures courtesy of IAM-ESS, KIT) 
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Moshtev et al. [375] discussed that when LiNiO2 is in contact with air, the 
water from air humidity is absorbed and can cause chemical delithiation 






+ 𝑥LiOH    (7.1) 
Another possibility is that due to their larger particle sizes, the LiNi0.8-
yMnyCo0.2O2 with higher Ni content are more difficult to mix homogenously 
with carbon black and PVDF particles and disperse inside the slurry. As 
observed in Section 4.2.3.2, the size of the NMC particles increases as y in 
LiNi0.8-yMnyCo0.2O2 increases. As a result of inhomogeneous mixing, more 
carbon and PVDF particles are agglomerated on the surface during coating 
process. It seems that the coating process needs to be optimized for NMC662, 
712 and 802 so that the particles are better distributed in the PVDF and carbon 
black matrix. The inhomogeneous coating may affect the delivered capacity as 
some particles of active material may not be available for redox reactions. The 
inhomogeneous coating will also adversely affect the rate capability. However, 
these are not thermodynamic-related properties of the electrode. As the aim of 
the measurements is the evaluation of electrochemical properties of the active 
material close to thermodynamic equilibrium state, the imperfection of coated 
electrodes could be neglected. Therefore, the present electrodes are utilized for 
the cell assembly and electrochemical measurements.  
7.2 Initial galvanostatic coulometry with 
potential limitations (GCPL) 
Figure 7.2  shows the voltage profile of five initial charge and discharge cycles 
of GCPL measurement of LiNi0.8-yMnyCo0.2O2 (NMC802, 712, 622, 532 and 
442) as well as LiNi0.5Mn0.5O2 (NMC110) half cells using a nominal C/10 
charge/discharge rate at 25 °C. In order to guarantee the reproducibility of the 
electrochemical performance through the measurements, at least three cells for 
each sample were fabricated and tested. The measured data of all the cells for 
a specific composition were almost identical. Thus in the present section, only 
one typical datum for each composition is presented.  
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Figure 7.2:  Voltage profile of five initial charge and discharge cycles of LiNi0.8-yMnyCo0.2O2 
and LiNi0.5Mn0.5O2 half cells using a nominal C/10 charge/discharge rate at  
25 °C. The first four cycles are performed in the potential range of 3-4.2 V, and 
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The first four cycles are performed in the potential range of 3-4.2 V. Cells are 
cycled four times to realize the formation of SEI (solid-electrolyte-interface). 
These cycles are therefore known as “formation cycles”. The fifth cycle is 
performed in the voltage range of 3-4.5 V to determine the capacity of the cell 
up to 4.5 V cut-off voltage. Knowing this capacity is essential for calculating 
the applied current in the following step of the measurement, which is GITT. 
The four initial cycles where however performed using a lower cut-off voltage 
to avoid the degradation of the cell electrodes and electrolyte by exposure to 
high voltages, while still allowing the formation of the protective layers.  
As described in Section 2.3, the evolution of cell voltage versus lithium 
content, or similarly the cell capacity, provides an insight about the cell 
reactions and the thermodynamic behavior of the electrode material. As can be 
seen in Figure 7.2, except the first charge curve that is discussed in the 
following text, the voltage profile of all studied cell compositions during 
charge and discharge have a smooth shape. By charging, the voltages of all 
samples quickly increase to 3.5-3.8 V, and then follow the slopes to the cutoff 
voltage of 4.3 V or 4.5 V without any obvious plateaus. The almost 
monotonous variation of the potential against capacity reflects the existence of 
a solid solution region over the whole experimented composition range. The 
behavior observed for the NMC samples here is very different from those of 
LCO or LNO [84, 134] half cells with many plateaus on the voltage curves and 
corresponding strong peaks in the derivative curve which are associated with 
the biphased domains.    
The charge and discharge capacities of investigated cells are listed in Table 
7.1. As can be seen for all compositions, the first charge capacity is much 
higher than the capacity obtained in the following charges. The reason is that 
during the first cycle some of the applied current, and consequently some of 
the calculated capacity, is used by the side reactions, other than the redox 
reaction. The side reactions include the formation of an SEI layer. The other 
reason may be the intercalation of Li ions not only from the 3a sites in the 
initial hexagonal structure, but also from excess Li atoms outside of the 
octahedral sites. However, during the first discharging, the latter Li ions cannot 
insert the cathode material again, resulting in larger first cycle’s irreversible 
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capacity. The first discharge capacities of LiNi0.8-yMnyCo0.2O2 are 128.5, 147.7, 
123.1, 139.5, 152.7 mAh·g-1 for x = 0.4, 0.3, 0.2, 0.1 and 0, respectively. The 
first discharge capacity of LiNi0.5Mn0.5O2 is measured as 120 mAh·g-1. 
However, after the first cycles, the cells start to stabilize and deliver an almost 
constant capacity by charging and discharging.  
Table 7.1:  The charge (Ch) and discharge (Di) capacities delivered during GCPL measurement 
of LiNi0.8-yMnyCo0.2O2 as well as LiNi0.5Mn0.5O2 half cells. The first four cycles are 
performed in the potential range of 3-4.2 V, and the fifth cycle in the range of  
























1st 2nd 3rd 4th 5th 
Ch Di Ch Di Ch Di Ch Di Ch Di 
NMC110 03 4.477 180.7 120.0 130.2 122.2 126.0 122.6 124.6 122.4 160.9 154.9 
NMC442 06 4.241 219.7 128.5 155.0 139.7 147.0 140.5 145.7 141.2 190.6 180.1 
NMC532 04 3.676 211.7 147.7 167.3 151.3 156.7 151.8 155.4 151.8 204.5 191.0 
NMC622 07 4.087 189.4 123.1 129.9 123.3 127.7 123.3 127.0 123.1 176.3 159.2 
NMC712 10 5.165 193.9 139.5 152.3 142.4 151.2 145.8 153.0 146.9 189.2 178.2 
NMC802 01 3.197 226.8 152.7 172.4 156.4 166.7 157.0 165.8 157.0 205.2 194.8 
 
A firm relationship between the delivered cell capacities and the cell 
composition was not found here. This might be due to the fact that for the initial 
cycles, the applied currents are calculated based on some rough estimated 
capacity values taken from the literature [250] for the corresponding cell 
composition. These values were not necessarily similar to the obtained 
capacities of our examined cells. Therefore, not all of the cells are actually 
cycled with the same charge/discharge rate and charge/discharge rate directly 
affects the capacity value. The absence of a clear relationship between the 
delivered cell capacities and the cell composition may also be due to the 
different coating qualities. As observed in Section 7.1, the quality of electrode 
coating was not similar for all the investigated cell compositions. The quality 
of the coated electrode including homogenous distribution of active material 
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in the matrix and the existence of a good connection between the particles of 
active material and carbon black particles is important in realizing the 
extraction of maximum capacity and avoiding dead weight of active material.   
As mentioned earlier in Section 2.3, in the voltage profile versus lithium 
amount or eventually, versus capacity, the high-slope parts reflect single-phase 
solid solution domains, plateaus show first-order phase transition resulted in 
two-phase regions, and inflection points represent the continuous phase 
transitions with no region of two-phase coexistence [57, 84]. These features 
are more visible in the derivative curve or differential capacity curve, where 
strong peaks associate with the plateaus showing the biphased domains. 
The derivative of the cycling curve, the dq/dV curve, for LiNi0.8-yMnyCo0.2O2 
and LiNi0.5Mn0.5O2 half cells in the voltage window of 3.0 V and 4.5 V are 
presented in Figure 7.3. The curves corresponding to the first charges are 
shown by dotted black lines in Figure 7.3. In almost all graphs, the curves of 
first charge are different from the curves of following charges, showing larger 
or even extra peaks. The oxidation of water is an unlikely reason for the peaks 
on first charge differential curves because this reaction takes place at much 
lower potentials (about 1.23 V). Besides, all the cell components were well 
vacuum dried before the assembly. The extra peaks here might show the side 
reactions of the electrolyte and the SEI formation reaction, which happens 
during the first charge and are different from the main redox reaction of the 
cell. In addition, in the first cycle the lithium ion are extracted not only from 
the lithium layer of the O3 phase, but also from the possible impurity phases 
and thus may yield extra peaks on the corresponding differential curve. The 
capacity used for these extra reactions appears as irreversible capacity of the 
first cycle.  
As can be seen in Figure 7.3 the derivative of the cycling curve for all samples 
show no strong peaks indicating the absence of any biphased domains upon 
cycling. However, although no strong peak is present, there are still weaker 
peaks on the derivate curves of Figure 7.3. These peaks represent inflection 
points on the respective cycling curves indicating second order phase  
transitions upon lithium extraction/ reinsertion.  
Initial galvanostatic coulometry with potential limitations (GCPL) 
164 
 
Figure 7.3:  The derivative of the cycling curve, the dq/dV curve, for LiNi0.8-yMnyCo0.2O2 and 
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It has been described in Section 2.3 that the phase transitions which happen 
during the (de)intercalation of LiNiO2 or LiCoO2 are basically caused by the 
lithium/vacancy ordering. Saadoune and Delmas [134] have shown that by 
substitution of at least 20% of Ni in LixNiO2 with Co, the monoclinic distortion 
upon lithium extraction is suppressed. They suggest that there is a tendency for 
ordering of the lithium ions upon (de)lithiation, but due to the random 
distribution of transition metals in the slabs, a long range ordering is prevented. 
Therefore only a second order transition takes place and all new phases 
maintain the rhombohedral symmetry. It seems that the same phenomena is 
taking place here. In this work, in the examined half cells with different NMC 
compositions, the transition metal layer is occupied by various cations instead 
of pure Ni or Co. This introduces a disorder within the slabs and prevents the 
lithium/vacancy ordering at different state of charges. Therefore, the peaks that 
appear on the derivative curves of Figure 7.3 are possibly due to the second 
order phase transitions happening to the initial O3 phases.  
The differential capacity curves during the charging of NMC802 and NMC712 
exhibit a couple-peak. The peaks are less separated from each other in the 
discharge differential curves. The peaks on charging are at around 3.56 and 
3.70 V for NMC802 and at about 3.62 V and 3.73 V for NMC712. In the 
differential capacity curves of NMC622, NMC532, NMC442 and NMC110 
only one peak is to observe which is located at approximately 3.74 V, 3.74 V, 
3.76 V and 3.79 V on charging,  respectively. Accordingly, it seems that the 
peak appears at lower voltage of about 3.6 V in NMC802 and NMC712 curves 
disappear by increasing Mn content, in NMC622, NMC532, NMC442 and 
NMC110  graphs. The shape of the differential capacity vs. voltage profiles 
and the values of peaks for NMC532 and NMC622 in the present work (Figure 
7.3) are in a very good agreement with those observed by Noh et al. [250] 
(shown in Figure 2.13).  
It seems that by increasing Mn content in LiNi0.8-yMnyCo0.2O2, the disorder in 
transition metal layer increases and thus the tendency for ordering of the 
lithium ions upon (de)lithiation decreases.  
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7.3 Galvanostatic intermittent titration 
technique (GITT)  
The variation of the open circuit voltage (OCV) versus lithium amount in 
LixNi0.8-yMnyCo0.2O2 and LixNi0.5Mn0.5O2 are determined using GITT 
measurements on the half cells in the voltage range of 3.0 V and 4.5 V. The 
open circuit voltages and the respective lithium contents, eventually state of 
charge, are extracted from the voltage versus time graphs of GITT 
measurements as described in Section 3.5.3.2. The results including the 
recorded voltage of the cells during intermittent charge/discharge and 
relaxation periods and the extracted open circuit voltages for two examined 
cells of each NMC composition are plotted in the voltage versus x in LixMO2 
graphs, as shown in Figure 7.4. For a more clear view, the NMC110 graph in 
Figure 7.4 is shown in Figure 7.5 separately. 
As can be seen, in all cells, the difference between the closed circuit voltage 
(CCV, the voltage at the end of each intermittent charge/discharge step) and 
the respective OCV value is higher when x in LixMO2 is close to one. This 
means that the cells deviate more from the equilibrium state at the beginning 
of charging and the end of discharging process. In the case of all investigated 
cells, the NMC starting phase is not completely restored during the lithium 
reinsertion reaction. This behavior is probably due to the increasing lithium-
lithium electrostatic repulsion when  lithium layer is becoming fully occupied 
and x becomes close to one. Therefore, the kinetics of inserting more lithium 
into the structure becomes slower.  
In Figure 7.4, except for NMC802 sample, a very good agreement is observed 
between the first and the second cells of the same cell composition. In the case 
of NMC802 sample, due to a damaged measurement program of the second 
cell, the last step of the intermittent charging takes too long and therefore, the 
equilibrium is probably not completely accomplished at the high delithiated 





Figure 7.4:  Voltage versus x in LixMO2 graphs showing the voltage of the cells during  
intermittent charge/discharge and relaxation periods and the extracted open  
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Figure 7.5:  Enlarged voltage versus x in LixMO2 graphs for NMC110 from Figure 7.4,  
showing the voltage of the cells during intermittent charge/discharge and  
relaxation periods and the extracted open circuit voltages for two examined cells.  
For a better comparison, open circuit voltage values versus x in LixMO2 for 
charging of the first cell of each studied composition are presented in Figure 
7.6. By intermittent charging to 4.5 V, 0.85, 0.80, 0.78, 0.80 and 0.84 of one 
mole lithium are extracted from NMC802, NMC712, NMC622, NMC532, 
NMC442 half cells, respectively. This value is 0.65 mole of lithium for 
NMC110 half-cell. So it seems that LiNi0.8-yMnyCo0.2O2 samples deliver higher 
capacity in comparison to Co free LixNi0.5Mn0.5O2 sample in the same voltage 
window. This could be attributed to a lower redox potential of Ni cations in the 
presence of Co.  
One interesting feature to notice in the interpretation of voltage curves in 
Figure 7.6, is the presence of a shift in the voltage curves. In general, the open 
circuit voltage of LiNi0.8-yMnyCo0.2O2 increases by increasing y. In NMC802, 
intercalation occurs at voltages up to 0.12 V lower than those of NMC442. It 
should be mentioned that NMC442 follow this trend in a smaller range of  
0.6 ≤ x ≤ 0.88 while other LiNi0.8-yMnyCo0.2O2 keep the same order for the 



















whole range of x. The observed behavior could be described considering the 
increased effect of Ni redox reaction with lower potential on the overall cell 
reaction by increasing nickel content. In fact, by increasing Ni content in  
LiNi0.8-yMnyCo0.2O2, the cell tends to perform more like LiNiO2 than LiCoO2. 
Nickel redox reactions include eg orbitals rather than t2g orbitals [37]. 
  
Figure 7.6:  Open circuit voltage versus x in LixMO2 for charging of the first cell of each 
studied composition. 
As can be seen in Figure 7.4 and Figure 7.6, similar to Section 7.2, the voltage 
profile of all studied cell compositions during charge and discharge have an 
almost monotonous shape. Here also the differential curve could reveal the 
features of the cycling curve more clearly. Figure 7.7 shows the derivative of 
x (lithium amount in LiMO2) to open circuit voltage (OCV) against x value in 
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Figure 7.7:  Derivative of x (lithium amount in LixMO2) to open circuit voltage (OCV) 










































As can be observed in Figure 7.7, the derivative of the OCV curves for all 
samples show no sharp peaks but weaker peaks representing inflection points 
on the respective OCV versus x curves. Therefore, it could be concluded that 
upon lithium intercalation/deintercalation which are close to the equilibrium, 
one or two second order phase transitions occur. As mentioned earlier, 
transition metals are randomly distributed in the transition metal layer of 
rhombohedral O3 structure of  NMC compounds. Therefore, by changing the 
amount of lithium in lithium layers, a long range ordering may not take place 
and presumably the new phases maintain the rhombohedral symmetry.  
The differential OCV curves during charge and discharge of NMC802 and 
NMC712 exhibit two peaks while only one peak appears on the differential 
OCV curve of NMC622, NMC532, NMC442 and NMC110 . The first and the 
second cell of all NMC compounds, except NMC802, show a quite good 
agreement. By NMC802, as mentioned earlier, the measurements program of 
the second cell did not meet the equilibrium condition completely and 
therefore, the x values corresponding to the two cells differ from each other.  
For all compositions, a hysteresis is observed between charge and discharge 
curves; the x values of the observed peaks in discharge lag behind those of 
charge curves. However, when dx/dOCV is plotted against voltage (V) instead 
of x,  as shown in Figure 7.8, interesting results are to observe. First, the first 
and the second cell of each composition, show an almost identical behavior. 
Second, the hysteresis between charge and discharge curves is less obvious. 
Therefore, it seems that when the variations of the curve features with respect 
to voltage are considered, the cell reactions are easier to detect.  
The peaks on charging are at around 3.51 and 3.69 V for NMC802 and at 
approximately 3.59 V and 3.72 V for NMC712. In the differential OCV curves 
of NMC622, NMC532, NMC442 and NMC110 one peak appear which is 
located at around 3.72 V, 3.74 V, 3.75 V and 3.77 V on charging,  respectively. 
Hence, it seems that the peak observed at lower voltage of about 3.5 V in 
NMC802 and NMC712 graphs disappear by increasing Mn content, in 
NMC622, NMC532, NMC442 and NMC110 curves. This could be attributed 
to the increased disorder in transition metal layer by increasing y in  
LixNi0.8-yMnyCo0.2O2, and thus the decreased tendency for ordering of the 
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lithium ions upon cycling. However, to determine the structure of the phases 
emerged after the phase transitions, extensive in-situ or ex-situ structural 
investigations are necessary. In particular, the respective cell parameters need 
to be measured to determine if any destructive hexagonal phase with shorter 
interslab distances, similar to H3 phase which appears during deep delithiation 
of LiNiO2 phase [84], appears in any of the investigated NMC half cells upon 
cycling.  
 
Figure 7.8:  Derivative of x (lithium amount in LiMO2) to open circuit voltage (OCV) against 
voltage (V) for both examined half cells of each NMC composition. 
7.4 Cyclic voltammetry 
Figure 7.9 shows the cyclic voltammogram (CV) of LiNi0.8-yMnyCo0.2O2 (y = 
0, 0.1, 0.2. 0.3 and 0.4) and LiNi0.5Mn0.5O2 half cells. The measurements are 
performed with a sweep rate of 0.01 mv·s-1 over the potential range of 3.0 and 
4.5 V for four cycles, according to Figure 3.10.  
The cyclic voltammetry has started after 5 hours of open circuit voltage stand, 
therefore, the first charge curves begin from the respective OCV values and 
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differ from the following charge curves. In general, the CV patterns show one 
distinct redox process. A sharp and intense anodic peak equal to the extraction 
of Li ions from the lattice is identified at approximately 3.63 , 3.71, 3.72, 3.72, 
3.75 and 3.78 V (vs. Li/Li+) for NMC802, NMC712, NMC622, NMC532, 
NMC442 and NMC110 CV curves, respectively. A well-defined cathodic peak 
corresponding to the insertion of Li ions is centered at about 3.63, 3.68, 3.68, 
3.70, 3.73 and 3.72 (vs. Li/Li+) in NMC802, NMC712, NMC622, NMC532, 
NMC442 and NMC110 curves, respectively.  
 
Figure 7.9:  Cyclic voltammogram (CV) of LiNi0.8-yMnyCo0.2O2 (y = 0, 0.1, 0.2. 0.3 and 0.4) 
and LiNi0.5Mn0.5O2 half cells with a sweep rate of 0.01 mv·s
-1 over the potential 
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In all samples, it can be seen that during the second, third and fourth cycles, 
both anodic and cathodic peaks get very slightly lowered in intensity, which 
indicates good capacity retention in spite of some fading with the process of  
cycling. Among all samples, NMC110 shows the best capacity retention 
behavior, with almost constant redox peak intensity over four cycles.  
In the case of NMC712 and NMC802, the anodic peak shifts to higher voltage 
side by up to 0.02 V during four cycles. The cathodic peak shifts to the same 
extent to lower voltages upon progressive cycling. Thus there is a slight 
increase in the hysteresis between the anodic and cathodic peaks by cycling, 
which indicates inferior electrochemical reversibility of the electrode. Second 
order phase transitions that was discussed in previous section might be 
responsible for this behavior. For the other compositions, the positions of 
oxidation and reduction peaks remain at constant potential with the cycle 
number, confirming good reversibility of the electrochemical reactions of the 
cell and excellent cyclic stability. 
The observed redox peaks could be attributed to the Ni2+/Ni4+ redox reaction. 
It was shown that in the case of Li(NixCo1-2xMnx)O2 systems [337] a two-
electron transfer pertinent to Ni2+/Ni4+ couple is active near 3.75, in the same 
voltage range where the intense redox process is observed in the present NMC 
samples.  
7.5 Rate capability and cyclability 
The rate capability and cyclability of LiNi0.8-yMnyCo0.2O2 (y = 0, 0.1, 0.2. 0.3 
and 0.4) and LiNi0.5Mn0.5O2 half cells at different C-rates are evaluated after 
GITT and CV tests. As shown in the step No. 10 in  Figure 3.10, the cells are 
galvanostatically cycled with C/20, C/10, C/5, C/2, C, 2C, 5C charge/ 
discharge rates, for 5 cycles at each rate, over the potential range of 3.0 and  
4.5 V at 25 °C. Then the C/5 rate was used again from 36th cycles and after 
that.  
Figure 7.10 illustrates the discharge capacities versus cycle number of different 
NMC half cells at the investigated C-rates. The evaluation of rate capability 
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may not be realized through comparison of absolute capacity values, as for the 
reasons mentioned in Section 7.2, the absolute value of discharge capacities 
may not be actually compared between samples of the present work with 
different loading of active material in coated electrodes. However, one 
interesting property to notice is the capacity retention of the half cells at 
different C-rates. For this purpose the capacity retention is calculated as the 
ratio of respective discharge capacity to the first discharge capacity with C/20 
charge/discharge rate. Figure 7.11 compares the capacity retention of  
LiNi0.8-yMnyCo0.2O2 (y = 0, 0.1, 0.2. 0.3 and 0.4) and LiNi0.5Mn0.5O2 half cells 
versus cycle number. It should be mentioned that the results of NMC622 are 
not included in Figure 7.11. This was due to the unsatisfactory performance of 
NMC622 half cells, probably due to low quality of electrode coating, as 
mentioned earlier in this chapter.  
 
Figure 7.10:  Discharge capacities vs. cycle number of LiNi0.8-yMnyCo0.2O2 (y = 0, 0.1, 0.2. 0.3 
and 0.4) and LiNi0.5Mn0.5O2 (NMC110)  half cells cycled using C/20, C/20, C/5, 
C/2, C, 2C, 5C charge/ discharge rates, over the potential range of 3.0 and 4.5 V 
at 25 °C. 
As can be seen in Figure 7.11, NMC442 exhibits the highest capacity retention 
at all C-rates, followed by NMC532, NMC110, NMC712 and NMC802. In 
general by increasing the C-rate, i.e. in faster charge and discharge processes, 
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the capacity retention of all cells decreases, mainly due to the slower kinetics 
of lithium diffusion. Yet, the diminishing of capacity retention is less severe 
by increasing y in LiNi0.8-yMnyCo0.2O2, indicating an improved rate capability. 
At 1C rate, NMC442 and NMC532 show just above 60% of their respective 
capacity at C/20 rate. This value is just below 50% for NMC110 and less than 
40% for NMC712 and NMC802. NMC110 shows a moderate rate capability 
behavior, somewhere between the behavior of NMC442 and NMC802. At a 
C-rate as high as 5C, NMC110 delivers very little capacity, similar to NMC712 
and NMC802, while NMC442 and NMC532 still exhibit about 35% and 25% 
of their discharge capacity at C/20 rate, respectively.  
 
Figure 7.11:  Capacity retention (%, with respect to the initial capacity at C/20) vs. cycle  
number of LiNi0.8-yMnyCo0.2O2 (y = 0, 0.1, 0.2, 0.3 and 0.4) and LiNi0.5Mn0.5O2 
(NMC110) half cells cycled using C/20, C/20, C/5, C/2, C, 2C, 5C charge/  
discharge rates, over the potential range of 3.0 and 4.5 V at 25 °C. 
The cyclability of the cell can be evaluated based on the persevering the same 
capacity (retention) over cycling. Therefore, a steep decrease in capacity 
retention versus cycle number graph indicates a deterioration of cyclability. 
For the purpose of a more careful evaluation of the cyclability, the behavior of 
different cell compositions at the C/5 rate from 10th-15th and 30th-50th cycles is 
observed while the data related to other C-rates are eliminated. The results are 


























depicted in Figure 7.12. It should be noted that capacity retention here has a 
different definition from that of Figure 7.11. In Figure 7.12 the capacity 
retention is calculated as the ratio of respective capacity of each cycle to the 
discharge capacity of 10th cycle, the first cycle performed at C/5 rate.  
 
Figure 7.12:  Capacity retention (%, with respect to the initial capacity at C/5) vs. cycle  
number of LiNi0.8-yMnyCo0.2O2 (y = 0, 0.1, 0.3 and 0.4) and LiNi0.5Mn0.5O2 
(NMC110) half cells cycled C/5 charge/ discharge rates, over the potential range 
of 3.0 and 4.5 V at 25 °C. 
Although NMC110 exhibited lowest capacity at C/5, its capacity retention is 
the highest among other samples and shows the best cyclability. At the end of 
50th cycle, it still delivers about 92% of the capacity that was delivered at 10th 
cycle. This trend in capacity retention is followed by NMC442 with 89% 
capacity retention at the 50th cycle. NMC532, NMC712 and NMC802 show 
inferior performance with about 85% of capacity retention. Therefore, it seems 
that in LiNi0.8-yMnyCo0.2O2 series, NMC442 with the highest Mn content 
demonstrates the best cyclability. The cyclability of NMC110 is even better 
than NMC442. The observed enhanced capacity retention and improved 
electrochemical stability of the investigated NMC cells is consistent with the 
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Summary and Conclusions 
The goal of the present dissertation was the synthesis, characterization and 
investigation of thermochemistry and electrochemistry of Li(NixMnyCoz)O2  
(x + y + z = 1) or NMC layer structured compounds as positive electrode 
material for Li-ion batteries. In the course of this work, two compositional 
series including 1) manganese and nickel equimolar LiNixMnxCo1-2xO2 (x = 0, 
0.167, 0.333, 0.4 and 0.5) and 2) Ni-rich LiNi0.8-yMnyCo0.2O2 (y = 0, 0.1, 0.2, 
0.3 and 0.4) were studied. The synthesis of different NMC compositions were 
successfully performed by a sol-gel method using metal acetates and adipic 
acid and through high temperature heat treatment in air. A method for deriving 
the chemical formula  from the results of chemical analysis was introduced. 
The oxygen coefficient in chemical formula was determined by direct 
measurement using carrier gas hot extraction as well as through determination 
of average oxidation state of transition metals using redox titration. A good 
agreement between two very different methods with a maximum difference of 
8.7% was observed. For the LiNi0.7Mn0.1Co0.2O2 and LiNi0.8Co0.2O2 samples, 
the optimum heat treatment temperatures were determined considering 
different criteria such as minimum lithium loss and carbon residual (probably 
in the form of Li2CO3 impurity phase) as well as best layered structure’s 
features including larger I(003) / I(104) ratio and c/a ratio. The optimum 
temperatures were found as 850 °C and 800 °C, for LiNi0.7Mn0.1Co0.2O2 and 
LiNi0.8Co0.2O2, respectively. The optimum heat treatment temperature of 
LiNi0.5Mn0.5O2 was found to be 1000 °C, as by heat treatment at 900 °C 
Li2MnO3 was found as the impurity phase. For all the other investigated 
compositions, a final heat treatment at 900 °C yield to single phase O3 layer 
structured samples with chemical formula very close to the nominal 
stoichiometry. However, it seems that when samples with higher Ni content 
are heat treated in air, Li and O coefficient deviate more from the ideal values, 
i.e. it is more difficult to reach the average oxidation state of three in transition 
metals and obtain a stoichiometric sample through heat treatment under air. 
The lattice parameters of the synthesized samples were determined by Rietveld 
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refinement and found in a very good agreement with the literature data. The 
changes in the lattice parameters with the compositional changes in each 
studied series of samples was observed to be almost linear, which is common 
for a substitution mechanism that is not accompanied by significant attractive 
or repulsive electronic effects.  
Simultaneous differential thermal analysis - thermal gravimetry (DTA / TG) 
studies of LiNi0.8-yMnyCo0.2O2 compounds for y = 0, 0.1, 0.2, 0.3 and 0.4 in 
argon showed that all samples remain stable until approximately 720 °C. The 
initial O3 phase in NMC442 was stable up to 1000 °C under flowing argon 
while the onset temperatures of the decomposition reaction for NMC532, 
NMC622, NMC712 and NMC802 are determined to be about 865 °C, 823 °C, 
748 °C and 719 °C, respectively. The corresponding weight losses during 
heating from room temperature to 1000°C with 10 K·min-1 heating rate for the 
above-mentioned samples were also observed as 0.69%, 1.37%, 3.14% and 
3.71 %, respectively. Powder-XRD and Rietveld refinement investigations of 
the samples after DTA / TG experiments showed that NMC442, NMC532 and 
NMC622 samples remain single phase with 𝑅3̅𝑚 structures. However, the 
integrated intensity ratio of (003) to (104) Bragg peaks were 1.73, 1.08 and 
1.00 for NMC442, NMC532 and NMC622 samples, respectively showing an 
increased Li and Ni site mixing and the decreased layered characteristics of the 
initial O3 phase by increasing Ni content in the sample from NMC442 to  
NMC622. Furthermore, the refined oxygen occupancy decreases from 
NMC442 (0.97) to NMC622 (0.74). In the case of NMC712 and NMC802 
samples, the initial rhombohedral phase (O3) decomposed and a new rock-salt 
cubic phase with 𝐹𝑚3̅𝑚 space group formed. A decomposition reaction 
involving oxygen gas release, similar to the decomposition of LiNiO2 in the 
absence of oxygen, was proposed in this regard. This result combined with the 
observed mass losses which were attributed to the weight of released oxygen, 
suggest that the sample with higher nickel content starts releasing oxygen and 
partially reducing Ni3+ to Ni2+ at a lower temperature and is chemically and 
structurally less stable.  
The enthalpies of formation of two synthesized series of the NMC samples 
were determined by high temperature oxide melt drop solution calorimetry in 
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3Na2O·4MoO3 solvent at 701 °C under argon atmosphere. The obtained 
enthalpy values for LiCoO2 were in good agreement with the available 
literature data. The standard enthalpies of formation of LiNixMnxCo1-2xO2 from 
the elements became more exothermic by increasing x. Thus, by substitution 
of Co3+ with equimolar amounts of Mn4+ and Ni2+ cations on 3(b) sites (the 
transition metal layer), the layer structured compound becomes energetically 
more stable. By increasing y, the standard enthalpies of formation of  
LiNi0.8-yMnyCo0.2O2 from the elements became also more exothermic. 
Therefore, by substitution of Ni3+ with equimolar amounts of Mn4+ and Ni2+ 
cations on 3(b) sites (the transition metal layer), the layer structured compound 
became energetically more stable. When the experimental error was taken into 
account, for compositions along the line from LiNi0.5Mn0.5O2 to LiCoO2, the 
relationship between the enthalpies of formation from elements and x was 
linear. The relationship between the enthalpies of formation from elements and 
y for LiNi0.8-yMnyCo0.2O2 compositions along the line from LiNi0.8Co0.2O2 to 
LiNi0.4Mn0.4Co0.2O2 could also be considered as linear. A ternary contour plot 
of the standard enthalpy of formation from elements was presented for the left 
side of the NMC triangle; the compositions lie between the LiNiO2, LiCoO2 
and LiNi0.5Mn0.5O2 end members. The contour lines were almost linear, 
indicating a near-linear relationship between the standard enthalpy of 
formation value and the composition of the NMC compound in this region. 
The path of composition variation which led to the maximum changes in the 
enthalpy of formation values and indicated the improvement of energetic 
stability of the layer structured compound was shown on the ternary contour 
graph. LiNi0.5Mn0.5O2 and LiNiO2 were found as the most and the least 
energetically stable compounds, in the investigated area, respectively.  
The results of electrochemical experiments on LiNi0.8-yMnyCo0.2O2 and 
LiNi0.5Mn0.5O2 half cells actually verified that the NMC compounds with 
higher thermodynamic stabilities possess improved structural stability and 
cyclability upon electrochemical lithium intercalation. The differential curves 
resulted from GCPL measurements as well as from GITT measurements 
exhibited no sharp peaks but weaker peaks representing inflection points on 
the respective cycling. The derivates curves showed two peaks during charge 
and discharge of NMC802 and NMC712 while only one peak became 
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noticeable on the differential curves of NMC622, NMC532, NMC442 and 
NMC110. The weak peaks were attributed to the occurrence of one or two 
second order phase transitions upon lithium extraction/ reinsertion. As 
transition metals were randomly distributed in the transition metal layer of 
rhombohedral O3 structure of  the NMC compounds, a disorder was introduced 
within the slabs which prevented a long range lithium/vacancy ordering at 
different state of charges. 
Based on the derivative curves of intermittent cycling, the peaks on charging 
appeared at around 3.51 and 3.69 V for NMC802 and at about 3.59 V and  
3.72 V for NMC712. In the differential OCV curves of NMC622, NMC532, 
NMC442 and NMC110 one peak was observed which was positioned at 
approximately 3.72 V, 3.74 V, 3.75 V and 3.77 V on charging, respectively. It 
could be concluded that by increasing Mn content in LiNi0.8-yMnyCo0.2O2, the 
phase transition happened at higher voltages because the disorder in transition 
metal layer increased and therefore the tendency for ordering of the lithium 
ions upon (de)lithiation decreased. In addition, by increasing y, the occupation 
of octahedrally coordinated Mn4+ cations increased, which serves as an 
electrochemically inactive filler, making the structure more stable by 
preventing the transformation to spinel structure.  
GITT measurements showed that LiNi0.8-yMnyCo0.2O2 samples deliver higher 
capacity in comparison to Co free LixNi0.5Mn0.5O2 sample in the same voltage 
window due to lower redox potential of Ni cations in the presence of Co. By 
intermittent charging to 4.5 V, 0.85, 0.80, 0.78, 0.80 and 0.84 of one mole 
lithium were extracted from NMC802, NMC712, NMC622, NMC532, 
NMC442 half cells, respectively while this value was 0.65 mole of lithium for 
NMC110 half-cell. However, it was observed that by increasing y, the open 
circuit voltage of LiNi0.8-yMnyCo0.2O2 in general increases up to 0.12 V. This 
was attributed to the increased effect of Ni redox reaction with lower potential 
on the overall cell reaction. 
It was also observed that when the differential curves were plotted against 
voltage (V) instead of lithium content (x), the hysteresis between charge and 
discharge curves was smaller.  
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Cyclic voltammograms showed one distinct redox process attributed to the 
Ni2+/Ni4+ redox reaction. The anodic peak was recognized at about 3.63 , 3.71, 
3.72, 3.72, 3.75 and 3.78 V (vs. Li/Li+) for NMC802, NMC712, NMC622, 
NMC532, NMC442 and NMC110 CV curves, respectively. The cathodic peak 
was identified at approximately 3.63, 3.68, 3.68, 3.70, 3.73 and 3.72 (vs. 
Li/Li+) in NMC802, NMC712, NMC622, NMC532, NMC442 and NMC110 
curves, respectively.  
The rate capability evaluations showed that in general by increasing the C-rate 
the capacity retention of all cells decreases, mainly because of slower lithium 
diffusion. Yet, by increasing y in LiNi0.8-yMnyCo0.2O2 the deteriorating of 
capacity retention is less severe, indicative of an improved rate capability. At 
1C rate, NMC442 and NMC532 delivered just above 60% of their respective 
capacity at C/20 rate. This value was just below 50% for NMC110 and less 
than 40% for NMC712 and NMC802. At a C-rate as high as 5C, NMC110 
exhibited very little capacity, similar to NMC712 and NMC802, while 
NMC442 and NMC532 still delivered about 35% and 25% of their discharge 
capacity at C/20 rate, respectively.  
By cyclability evaluations at C/5 rate, NMC110 exhibited the highest capacity 
retention (approx. 92%) and the best cyclability among other samples. This 
trend in capacity retention is followed by NMC442, NMC532, NMC712 and 
NMC802 with 85% - 89% capacity retention at the 50th cycle showing an 
inferior performance. Therefore, in LiNi0.8-yMnyCo0.2O2 series, NMC442 with 
the highest Mn content showed the best cyclability.  
The following topics could be suggested for future investigations:  
1- The experimental thermochemical data obtained in this work could be 
used as input data for the development of CALPHAD-based 
thermodynamic descriptions of the Li–Ni-Mn-Co–O system, which can 
then be used to calculate open circuit voltages based on the Gibbs free 
energy descriptions of the assessed phases in the multi-component 
systems.  
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2- Base on the differential cycling curves, we predicted one or two second 
order phase transitions upon lithium extraction/ reinsertion of NMC 
compounds. In-situ or ex-situ structural investigations could be used to 
determine the structure of the phases emerging after the phase 
transitions. In particular, the respective cell parameters need to be 
measured to see if any destructive hexagonal phase with shorter 
interslab distances, similar to H3 phase which appears during deep 
delithiation of LiNiO2 phase, appears in any of the investigated NMC 






In this appendix the calculation process used in the present work for the 
determination of the enthalpy of drop solution based on the results of high 
temperature oxide solution calorimetry are described for one sample as an 
example. The sample is NMC622 (see Section 3.1 and Figure 3.2 for the 
sample notations). As described in Section 3.4.1, multiple samples were 
prepared from the as-synthesized powder in the form of pressed pellets with  
3 mm diameter and the pellets were dropped from ambient temperature into 
liquid sodium molybdate inside the calorimeter cell. Adequate time intervals 
between the drops were considered for the heat flow signal to stabilize after 
each drop and to ensure complete dissolution of the sample in molten sodium 
molybdate. Figure A.1 shows the results as heat flow signal (𝜙 in µV) against 
time (in h) curves for NMC622 sample measured over three successive days 
of calorimetry experiments. When every second samples were dropped into the 
calorimeter’s right/ left cells, the signal deviated from the baseline, reached an 
extremum, slowly returned to the baseline level and created consecutive peaks, 
as can be seen in Figure A.1. As described in Section 3.4.1, Equation (3.17) 
was used to determine the enthalpy of drop solution from the measured heat 
flow signal through measuring the area under the peaks, which are highlighted 
in yellow in Figure A.1. The values of the area under the peaks measured on 
the left and right cells of the calorimeter are listed in Table A.1 and Table A.2, 
respectively. The values of the masses of the pellets, the room temperature and 
the temperature inside the platinum crucibles located inside the calorimeter 
cells are listed as well. Having the formula weight of NMC622, the mole 
number of each sample was obtained and the heat effect per mole of sample 
was calculated. In case that the measured heat effect for one drop was very far 
from the others, the drop is considered as unacceptable. For NMC622 sample, 
12 good drops, five drops on the left side and seven drops on the right side of 




Figure A.1:  Repeated calorimetric measurement curves of NMC622 sample showing heat 
flow signal against time. The base line (in red) linearly connects the  
beginning and the end point of each drop’s peak. The peak area is shown in  
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The calibration factors listed in Table A.1 and Table A.2 (𝐾 𝑅𝑡ℎ⁄ ) in Equation 
(3.17)) were independently determined for both calorimetric chambers through 
calibration by 7 mg sapphire spheres without any oxide melt at 974 K (origin 
and purity of sapphire in Table 3.3). The measured heat content of sapphire 
with known heat capacity is then used to determine the calibration factor. 
Table A.1:  Measured experimental parameters during drop solution calorimetry of NMC6222 
sample on the left cell. 
Sample number 1 2 3 4 5 6 7 
Day 1 1 2 2 2 3 3 
Pellet mass (mg) 5.73 5.16 5.39 5.53 5.42 5.25 5.76 
T (Room) (°C) 22.0 21.7 21.9 21.7 21.3 21.6 21.9 
T (Calor.)  (°C) 701 701 701 701 701 701 701 
Formula weight (g·mol-1) 96.930 
Moles of NMC (×10-4 mol) 591 532 556 571 559 542 594 
Peak area (µV·s) 1014.557 936.1560 956.7600 984.5040 951.1400 940.9070 1004.841 
Calibration  factor (J·(µVs) -1) 0.00464650 
Measured heat effect (kJ·mol-1) 79.7456 81.7116 79.9465 80.1821 79.0369 80.7184 78.5706 
Accepted measurement 1 1 1 1 1 1 1 
Table A.2:  Measured experimental parameters during drop solution calorimetry of NMC6222 
sample on the right cell. 
Sample number 1 2 3 4 5 6  
Day 1 2 2 2 2 3  
Pellet mass (mg) 5.69 5.92 5.93 5.31 5.45 5.88  
T (Room) (°C) 22.1 21.8 21.8 21.5 21.8 21.9  
T (Calor.)  (°C) 701 701 701 701 701 701  
Formula weight (g·mol-1) 96.930 
Moles of NMC (×10-4 mol) 587 611 612 548 562 607  
Peak area (µV·s) 957.368 1073.144 1076.690 938.460 948.792 1039.350  
Calibration  factor (J·(µVs) -1) 0.00467593 
Measured heat effect (kJ·mol-1) 76.2594 82.0336 82.1663 79.9791 78.7825 79.9908  
Accepted measurement 0 1 1 1 1 1  
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Table A.3 summarizes the average values of heat effect on both sides and the 
total value, as well as the uncertainty calculations, using Equations (3.24) to 
(3.28). The uncertainty here relates to the repeatability of the experiments. 
Table A.3:  Average values of heat effect on both sides and the total value, as well as the  
uncertainty calculations. 
 Left cell Right Cell Total 
Accepted drops number 7 5 12 
Average heat effect (kJ·mol-1) 79.99 80.59 80.24 
Standard deviation (s) 1.05 1.47 1.22 
Overall uncertainty (U) 0.79 1.31 0.70 
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